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Introduction

Since their discovery two decades ago, nanomaterials are perceived by the industry as the goose that lays the golden egg. This high interest is mainly ascribed to the various and outstanding properties of these materials. For instance, unprecedent high surface areas can be achieved through the design of nanomaterials, thermal and electrical conductivities of some compounds may tenfold when in nanostructured form, not to mention the remarkable mechanical, semiconducting, opto-electronic, catalytic and magnetic properties made accessible by these nanomaterials. Therefore the potential field of applications of such nanomaterials is tremendously broad, e.g. from drug delivery, to catalysts in oil refineries chimneys or superconductive coatings of the charging electrodes of future electric cars. Hence, nanomaterials are more than ever the subject of intense research underpinned by the immense potential of the predicted outlooks.

Thereby, within the last decade, the development of processes likely to ensure large-scale production of nanomaterials has instigated a broad range of research work. One specific material has prompted a particular attention: Carbon. Indeed, since the discovery of the ability of such material to form singular closed cage structure (i.e. buckyballs (1985) and tubes (1991)), these latter demonstrating unique properties, global CNTs market was expected to grow around 4000 tons by 2023 (Yano Research Institute Ltd.). Later, the formation of closed cage structures was extended to inorganic compounds such as hexagonal Boron nitride and TMDCs compounds (1992), namely Molybdenum and Tungsten sulphides, exhibiting also special properties, differing in some extent from those of Carbon. Despite promising applications of such inorganic nanostructures (INTs and IFs), their production rates are currently orders of magnitude lower than those of Carbon. This gap in terms of production level can be explained by the inherent properties of TMDCs nanostructures (e.g. folding energy, intrinsic formation mechanism), presumably inducing additional constraints, and subsequently indicating that they are significantly less straightforward to obtain than their Carbon counterparts. To wit, the citation rate of main papers on CNTs are of one order of magnitude higher than those on M oS 2 and W S 2 nanotubes. Therefore, it appears that increasing the knowledge of such INTs and IFs (e.g. formation mechanism, constraints of the synthesis process) is crucial to close the gap and initiate the path of their mass production. In that way, multiple synthesis methods are employed to produce IF nanoparticles and INT, and can be divided roughly into two categories: (1) far from equilibrium processes (e.g. laser ablation, arc discharge) and (2) chemical methods (e.g. chemical vapor transport) which operate in a regime closer to equilibrium and generate higher yields.

Notwithstanding the rich variety of these existing methods, they reveal substantial limitations and drawbacks in terms of monitoring (selectivity), efficiency (yield), scalability, cost and safety issues (hazardous chemical reagents), justifying in a much lesser extent their minor development when compared to the one of CNTs and Carbon fullerenes. These difficulties encountered with previously reviewed processes motivate the development of an alternative process.

In this regard, the solar synthesis constitutes a good candidate to synthesize INTs and IFs as it is cost-effective, safe & non toxic, scalable, and above all easy to implement and adapt to explore a large range of operating conditions. Also, the efficiency of this process was already demonstrated in the past for the synthesis of Carbon fullerenes and nanotubes.

Therefore, the subject of this PhD was to develop a tailored solar process to synthesize INTs and IFs from solid precursors. The first objective was to achieve the successfull and reproducible syntheses of INTs & IFs, and secondarily to understand their formation mechanism and explore different operating conditions to identify which ones may be particularly conducive to their growth. In order to relate clearly and logically the whole story of the development of this solar process, the reporting of the present research work was organized in thematic chapters.

The preliminary comprehensive review of the concepts addressed along manuscript is provided in the first chapter, starting from general notions (nanomaterials) until focusing to the core subject of the research (inorganic closed cage nanostructures).

The major experimental results of solar synthesis are presented in the second chapter. The whole experimental method is detailed, as well as the experimental campaigns and associated results, offering a complete scope of the experimental work conducted.

Then the characterization of synthesized nanoparticles is addressed in depth in the third chapter. The formation mechanism of INTs & IFs is retraced, supported by advanced characterization results. Ensuing, several important perspectives and conclusions are raised for further investigations of the solar process.

Finally the characterization of the flow patterns occurring in the Heliotron solar reactor is the subject of the fourth chapter including both numerical and experimental results. It notably provides supplementary tools in order to enhance the solar process monitoring (e.g. selectivity of NPs produced) beyond the specific case of INTs & IFs.

The overall PhD results generated, as well as the limitations of such results and the perspectives of future works are discussed ultimately in the general conclusion of the manuscript.

Chapter 1

Background and motivation

Nanomaterials

Nanomaterial have emerged as an exciting class of materials showing original physical, mechanical, electrical or optical properties, with a wide range of practical applications. An order of magnitude one should keep in mind to better grasp the dimensions of the nano-objects discussed throughout this manuscript is the following: one nanometer correspond to 10 hydrogen atoms lined up.

Nanomaterials refer to the family of materials characterized by a length of 1-100 nm in at least one direction [1]. Although the history of using nanomaterials dates back to ancient times, the major concepts, advancements, and progresses have evolved after the mid of 20 th century [2]. Exceptionally high surface areas can be achieved through the rational design of nanomaterials as illustrated in Fig. 1.1, which is beneficial as this can provide, for instance, greater chemical reactivity affected [3]. Depending on their type, size, shape, and structure, nanomaterials offer a range of unique electrical, optical, mechanical, magnetic, and antimicrobial properties, which foster the development of many interesting technological applications [4]. These nanomaterial properties can be tuned as desired via precisely controlling the size, shape, synthesis conditions, and appropriate functionalization.

The properties of matter at the nanoscale level are substantially distinct compared to bulk counterparts while properties at the macro-scale level are identical to their bulk. Fig. 1.2 summarizes the changes in properties likely to occur when a bulk material is broken down into nanoparticles (NPs). Nanomaterials may be of different shapes like nanorods, nanoparticles, nanosheets which can be characterized based on their dimensionality. Therefore, nanostructured materials are classified as zero-dimensional (e.g. fullerene, quantum dots, atomic clusters), one-dimensional (e.g. nanotube, nanorod), two-dimensional (e.g. monolayer, thin film), and three-dimensional (e.g. bulk nanomaterial) nanostructures [6] as depicted in Fig. 1 

Carbon-based nanomaterials

Usually, these NMs contain carbon (excepting hBN), and are found in morphologies such as hollow tubes, ellipsoids or spheres. The most famous structures of this category comprise carbon nanotubes (CNTs), graphene and carbon quantum dots (CQDs).

Inorganic-based nanomaterials

These nanomaterials comprise metal, metal oxides nanoparticles (NPs) and nanostructured material. These nanomaterials can be synthesized into metals such as Au or Ag NPs metal oxides such as T iO 2 and ZnO NPs, and semiconductors such as silicon, ceramics and TMDCs.

Organic-based nanomaterials

These include NMs fabricated mostly from organic matter, excluding carbon-based or inorganicbased NMs. The existence of noncovalent (weak) interaction promotes the transformation of the organic NMs into desired structures such as dendrimers, micelles, liposomes and polymer NPs, used notably in bioengineering applications.

Composite-based nanomaterials

Composite NMs are multiphase NPs and nanostructured material with one phase on the nanoscale dimension that can either be combined with other NPs or with a larger bulk-type material. The composites can be any combinations of carbon based, metal-based or organic based NMs with any form of metal, ceramic, or polymer bulk material.

2D materials

Discovery of graphene [8] and its outstanding properties have given birth to a new class of materials known as "2D materials". Driven by the success of graphene, alternative layered 2Dmaterials have become the focus of intense research due to their unique physical and chemical properties such as isolated monolayers and few-layer crystals of hexagonal boron nitride (hBN), molybdenum disulphide (M oS 2 ), other dichalcogenides and layered oxides [9]. 2D materials show strong valence bonds along in-plane, and weak van der Waals-like bonds between each of these planes making these structures comparables to lego blocks (Fig. 1.4).

Therefore, van-der-Waals heterostructures may be formed from layered (2D) materials. These are structures where isolated atomic planes are reassembled into designer heterostructures that can be made layer-by-layer.

With the number of available two-dimensional materials constantly increasing, the number of possible such heterostructures has also increased significantly. Those latter are grouped in three families, carbon/graphene materials, transition metal dichalcogenides and metal oxides. These unique nanomaterials formed from 2D materials have remarkable lubricating, optical, catalytic, electronic properties as portrayed in Fig. 1.6. Therefore, they are being used for various technological applications such as solid lubrication [10], hydrogen generation [11,12] and storage [13,14], and water treatment [15]. Figure 1.6: Schematic showing common methods to produce 2D materials, in particular metal oxides, chalcogenides and carbon materials. Applications in the energy, environment and bioengineering sectors are also identified [16].

Carbon

Following fullerenes (0-D) [17] and nanotube (1-D) [18], the discovery of graphene (2-D) reported by Novoselov and Geim in 2004 [8] established a research discipline of 2D materials (Fig. 1.7), which resulted in many various applications. By exfoliating graphite, a layer of covalent plane of carbon atoms is obtained as shown in Fig. 1.8, known as graphene. The obtention of such structure is enabled by the specificity of graphite, consisting of single layer planes of covalent bonds maintained stacked together by van der Waals forces. Hexagonal boron-nitride (known as "white graphene") shows a crystalline structure similar to graphite and is consequently forming part of the graphene family, as other carbon based 2D materials, such as graphene oxides.

Carbon nanostructures demonstrate unique and unmatched properties. For instance, fullerenes are hollow cages, and their interior could acts as a robust nanocontainer, it is soluble in some extent in a range of solvents and also demonstrated semi-conducting properties [19]. CNTs exhibits high electrical conductivities (10 2 -10 6 S.cm -1 ) and exceptional thermal conductivities (SWCNTs ∼ 6000 W.m -1 .K -1 , MWCNTs ∼ 2000 W.m -1 .K -1 ) [4]. Also, among the 2D-materials, graphene is the undeniable champion exhibiting the highest mechanical strength and crystal electronic quality. This latter is the thinnest and strongest material in the universe. A single layer of graphite, i.e., graphene, exhibits a strong ambipolar electric-field effect with a room-temperature electron and hole mobility of 10 000 cm 2 /(V.s) and ballistic transport at submicrometer distances [20,21]. 

Metal oxides

Many oxides have layered structures and can for that reason be seen as base materials for novel 2D structures. In these material, the layers are often connected by weak covalent bonds, oxygen bridges or intercalating elements. Further, they are normally polycrystalline, and mechanical exfoliation methods are generally limited to those which are available in higher crystalline quality. Layered oxides allow for alloying, combination of different layers and intercalation of ions and molecules, and therefore the possibilities of material design are vast.

2D Transition metal dichalcogenides (TDMCs)

Transition-metal dichalcogenides (TMDs) are compounds composed of transition metal and chalcogen elements (sulfur, selenium, or tellurium). Following nanocarbons 2D transition metal dichalcogenides (TMDCs) attracted considerable attention from the scientific community for their unique electrical, mechanical, and optical properties in the last two decades.

TMDCs materials have layered structures in the form of X-M-X with the chalcogen atoms (X) in two hexagonal planes separated by a plane of transition metal atoms (M). The atomic structure of two layers of TMDC material of the form M X 2 is displayed in Fig. 1.9. In TMDCs, the intralayer M-X bonds between the transition metal atom and the chalcogen atoms are seen as covalent bonds, and the individual M X 2 layers are held together by relatively weaker interlayer VdW forces. The metal coordination of the TMDC semiconductor layer may be trigonal prismatic or octahedral. Figure 1.9: Atomic structure of a layered transition metal dichalcogenides of M X 2 type (M, transition metal; X, chalcogenide). Different sheets of M X 2 are composed of three atomic layers XMX, where M and X are covalently bonded, and sheets are held together by weak interlayer bonds [24].

A large part of the research efforts on TDMC are focused on layered W S 2 and M oS 2 compounds, which are representative members of the TMDC family. By reducing their dimensionality to a single or few layers, these materials keep their semi-conductor behaviour and reveal unusual physicochemical properties. For instance, the turning to a monolayer of M oS 2 exhibited an indirect-to-direct band gap transition with a strong photoluminescence (PL) [25,26], ultrahigh and ultrafast optical response [25], strong excitonic effects, and efficient valley polarization [27,28], unconventional for the corresponding bulk material.

Synthesis

In principle, there exist hundreds of layered materials that cleave easily as listed in Fig. 1.5, and one can obviously think of using, for instance, the same scotch-tape cleaving technique to isolate their respective atomic planes, as illustrated in Fig. 1.10. Unfortunately, this is not straightforward. One must remember that (1) melting temperature decreases with decreasing the thickness of thin films and (2) most materials survive our ambient conditions only by natural passivation of their surfaces. Currently, we are aware of the existence of more than a dozen of different 2D crystals under ambient conditions. Foremost, these are monolayers of graphite, hBN and M oS 2 , which have been investigated extensively. It is probably not a coincidence if these materials are widely used as solid lubricants, which requires high thermal and chemical stability. There are also 2D tungsten disulphide (W S 2 ), and molydenum diselenide (M oSe 2 ) which are chemically, structurally and electronically similar to M oS 2 .

Among those material, M oS 2 is of specific interest because of its remarkable and unique electronic and optical properties and the availability of large molybdenite crystals from several mining sources. The paucity of such supply is probably the reason why 2D W S 2 , W Se 2 and M oSe 2 attract relatively minor attention despite the fact that Raman and transport studies revealed their electronic structure and quality to be similar to that of M oS 2 , whose structure is schematically depicted in Fig. 1.11. The specific surface energy of M oS 2 was calculated and found to be 65-75 mJ/m² [30,31] which is similar to the surface energy of graphene 65-120 mJ/m² [32,33]) making it potentially cleavable.

Figure 1.12: Sulfur-sulfur potential across the interlayer gap [34] (left). Scheme of the different VdW bonds the interlayer gap (right).

Synthesis processes of nanomaterials

There are many different paths to synthesize nanomaterials, that can be distinguished in two main approaches: top-down approaches and bottom-up approaches as delineated in Fig. 1.13. Figure 1.13: The synthesis of nanomaterials via top-down and bottom-up approaches [35].

Bottom-up approaches

In bottom-up approaches, building blocks such as atoms, molecules, or even smaller units serve to form nanostructures. The assembly of atoms on each other results in well-structured crystal planes, whose subsequent ordering allows the synthesis of the desired nanostructures.

Chemical Vapor Deposition (CVD)

The chemical vapor deposition (CVD) is a coating process that uses thermally induced chemical reactions at the surface of a heated substrate, with reactants supplied in gaseous form. These reactions may involve the substrate material itself in some cases.

A key advantage of the CVD process lies in the fact that the reagents used are gases, thereby taking advantage of the many characteristics of gases. One result is that CVD is not a line-ofsight process as are most of other plating/coating processes and can be used to coat restricted access surfaces. In contrast, a major drawbacks of CVD is that it often implies hazardous and costly chemical substances. The CVD is a reliable method to synthesize thin film and may be used as well to synthesize nanomaterials such as graphene and carbon nanotubes [36][37][38]. Additionally the CVD enables also the obtention of nanomaterials [39] from 2D inorganic materials (M oS 2 & W S 2 ).

The numerous articles published on the obtention of nanomaterial by CVD process testifies that it is a well-known process to date in terms of nanomaterials synthesis.

Plasma-Enhanced Chemical Vapor Deposition (PECVD)

Plasma-enhanced chemical vapor deposition (PECVD) is a chemical vapor deposition process used to deposit thin films from a gas state (vapor) to a solid state on a substrate. Chemical reactions are involved in the process, which occur after creation of a plasma of the reacting gases.

The plasma is generally created by radio frequency (RF) (alternating current (AC)) or direct current (DC) discharge between two electrodes, the space between which being filled with the reacting gases. Several articles reported the successfull synthesis of nanoparticles with PECVD [41][42][43][44][45][46].

Physical Vapor Deposition (PVD)

In PVD processes, the material to be deposited is converted into a vapor by physical means (high-temperature vacuum or gaseous plasma) and is conducted from its source to the substrate, where it condenses [47,48].

As pictured in Fig. 1.16, the PVD reactors consists of a vacuum chamber and two electrodes connected to a high voltage power source.

• In sputtering processes, a magnetron is placed near the target. The ionic gas is injected into the vacuum chamber, where it is accelerated. The target is blast, releasing atomic sizes particles which are finally projected onto the substrate [47,[49][50][51][52][53]. Therefore, this specific PVD process is considered as a top-down approach, as opposed to other methods described below [54].

• In a typical e-beam evaporation process, the target includes an evaporation source holding the material to be evaporated, which operates as a cathode. Electron beam heating induces the particles evaporation, those latter are also of atomic size. The released particles clash with the injected gas molecules into the reactor to accelerate the particles, forming a plasma that travels through the deposition chamber. The particles are deposited on the substrate, creating compressed layers stacked on top of each other, enabling a good film adhesion to the substrate.

The PVD is stated as a common route to synthesize nanoparticles [55][56][57][58][59][60]. 

Aerosol processing

Aerosol processing is a well known and industrially implemented method allowing the synthesis of a broad range of divided materials and nanomaterials. The atomisation of a liquid solution or suspension generates a mist of aerosol droplets which can then be transformed via a variety of processes including spray-drying, spray pyrolysis, flame spray pyrolysis, thermal decomposition, micronisation, gas atomisation, etc, as pictured in Fig. 1.17. The technical features of these aerosol processes make them particularly interesting for continuous, large scale, and tailored production of nanoparticles. Though, the particle size distribution obtained with such process is generally broad. During aerosol processing, each liquid droplet undergoes well-monitored physical and chemical transformations, allowing for instance to dry and aggregate pre-existing solid particles or to synthesize micro-or nanoparticles from mixtures of molecular or colloidal precursors [61,62] .

Figure 1.17: Scheme of an aerosol reactor [63] and a flame reactor [64].

Note that the physical conditions (high temperature gradients, high velocity gradient) evoked for this process show similarities with the ones investigated in the Heliotron solar reactor.

Liquid phase nanoparticules synthesis

Mixing chemical species in a liquid solvent, using a beaker or a microfluidic device, is a common path to synthesize nanoparticles [65][66][67][68], as depicted in Fig. 1.18. 

Top-down approaches

In top-down approaches, bulk materials are divided to produce nanostructured materials. Conceptually, these are the most straightforward approaches.

Mechanical milling

Mechanical milling consists in mechanical disintegration of the solid metals into smaller particles following high-energy collisions with the balls as illustrated in Fig. 1.19. Grinding process is carried out, by high-speed rotation of the jar filled with hard balls and the powdered metals to be milled. As a result of cold-working during the mechanical milling, the average grain size can be diminished from the range of 50-100 m to the range of 2-20 nm. Mechanical milling is a long-known process used for the production of hard metals, oxide powder, intermetallics, ceramics and composites. Hence, this technique can be implemented to prepare dry as well as wet nanopowders [69][START_REF] Yadav | Mechanical milling: a top down approach for the synthesis of nanomaterials and nanocomposites[END_REF][START_REF] Ravichandran | Chapter 6 -synthesis of nanocomposites[END_REF]. Note that contamination issues may occur due to milling tools. 

Arc discharge method

Several types of nanoparticles may be synthesized using this method, ranging from metal to refractory metals, including carbon nanotubes [69,[START_REF] Zhao | Preparation of high-grade carbon nanotubes by hydrogen arc discharge[END_REF][START_REF] Su | Pulsed electrical discharge synthesis of red photoluminescence zinc oxide nanoparticles[END_REF][START_REF] Waldorff | Characterization of carbon nanotubes produced by arc discharge: Effect of the background pressure[END_REF]. Arc discharge implies very simple setups with two electrodes acting as cathode and anode respectively as schemed in Fig. 1.20. These electrodes are subjected to a potential difference and thus generate an electrical breakdown. During the arc discharge, electrons are emitted either through heating or field emission due to large electric field generated. Plasma is subsequently formed due to the ionization, producing large amount of heat, which then evaporates the metal of interest into metal vapor. The metal vapor later nucleates and forms nanoparticles in the surrounding cooling medium which can then either be quenched by mixing with cold gas or by the surrounding liquid medium.

Figure 1.20: Schematic illustration of the experimental set up for arc discharge in gas chamber [69].

Lamp / laser ablation

Laser ablation synthesis involves nanoparticle generation using a powerful laser beam that hits the target material. During the laser ablation process, the source material or precursor vaporizes due to the high energy of the laser irradiation, resulting in nanoparticle formation. Lamp ablation differs slightly from laser ablation by using a lamp from which light is reconcentrated with an ellipsoid mirror to obtain very high irradiance flux at the focal spot. The irradiation produced by both methods may be in pulsed or continous form.

Lamp / laser ablation is a long-known process to synthesize nanomaterials: carbon and boron nitride nanotubes were already synthesized through laser ablation two decades ago [START_REF] Arepalli | Laser ablation process for single-walled carbon nanotube production[END_REF][START_REF] Yu | Synthesis of boron nitride nanotubes by means of excimer laser ablation at high temperature[END_REF]. Later, few-layer graphene sheets and boron nitride nanostructures have been synthesized by Gordon et al. [START_REF] Eshon | Panorama of boron nitride nanostructures via lamp ablation[END_REF][START_REF] Lu | Synthesis of few-layer graphene by lamp ablation[END_REF] with a one-step lamp ablation method (see Fig. 1.21) testiying high-yield, without the use of catalyst. 

Solar synthesis

The solar processes take advantage of solar energy by concentrating sunlight, enabling high power density and high temperature at the focal spot, similarly to laser or plasma processes.

As the solar energy source is free and unlimited in area, although weather dependent, solar reactors are straightforward to use, easily scalable and are therefore employed for multiple applications. Solar processing of materials can be classified in top-down or bottom-up approaches depending the specific process implemented.

Few nanoparticles obtention results with quenching devices are reported in the literature [START_REF] Flamant | Solar processing of materials: opportunities and new frontiers[END_REF][START_REF] Hamed | Study of a quench device for the synthesis and hydrolysis of zn nanoparticles: Modeling and experiments[END_REF].

In particular, yttria-doped zirconia/alumina nanocomposites were obtained applying highly concentrated solar irradiation on the target of a splat cooling device [START_REF] Flamant | Solar processing of materials: opportunities and new frontiers[END_REF]. In order to synthesize nanomaterials in controlled atmosphere, e.g. neutral atmosphere and/or under vaccum, tailored solar reactor were specifically designed [START_REF] Flamant | Solar processing of materials: opportunities and new frontiers[END_REF][START_REF] Flamant | Optimizing fullerene synthesis in a 50 kw solar reactor[END_REF][START_REF] Laplaze | Carbon nanotubes: the solar approach[END_REF]. Such type of reactor includes a circulation of neutral gas within a large Pyrex balloon which enables the transmission of concentrated sunlight to the focal zone where metallic solid precursors are set in a refractory crucible.

As portrayed in Fig. 1.23, the incident solar flux is reflected toward a parabolic dish located in the building, using a tracking Heliostat. The incoming flux is then reflected by the dish, allowing a maximum concentration of approximately 10000 suns (1 sun = 1 mW/mm 2 ). The use of highly concentrated irradiation enabled for instance the synthesis of carbon fullerenes and nanotubes in 1998 through the vaporization of a graphite target [START_REF] Laplaze | Carbon nanotubes: the solar approach[END_REF][START_REF] Alvarez | Large scale solar production of fullerenes and carbon nanotubes[END_REF][START_REF] Luxembourg | Solar synthesis of single-walled carbon nanotubes at medium scale[END_REF][START_REF] Guillard | Production of carbon nanotubes by the solar route[END_REF][START_REF] Guillard | Scale up of a solar reactor for fullerene and nanotube synthesis[END_REF].

From those very first successfull solar nanomaterials synthesis, it appeared that the main assets of the solar path to synthesize nanomaterial were:

1. Its cost-effectiveness 2. Its ability to reach very high temperatures, leading to new perspectives of nanomaterial synthesis 3. Its environmental-friendly nature The solar synthesis has been optimized and scaled-up from 1 kW to 50 kW towards larger production of carbon fullerenes and SWNTs [START_REF] Flamant | Optimizing fullerene synthesis in a 50 kw solar reactor[END_REF][START_REF] Guillard | Scale up of a solar reactor for fullerene and nanotube synthesis[END_REF][START_REF] Luxembourg | Solar synthesis of single-walled carbon nanotubes at medium scale[END_REF] as detailed in Fig. 1.24.

Figure 1.24: Experimental set up placed at the focus of the 1 MW-CNRS solar furnace at Odeillo (dimensions are not respected). L is the target length, L=15 cm for this set of experiments [START_REF] Flamant | Optimizing fullerene synthesis in a 50 kw solar reactor[END_REF][START_REF] Luxembourg | Solar synthesis of single-walled carbon nanotubes at medium scale[END_REF].

The yield of fullerenes is a complex function of specific reactor variables such as fluid flow patterns, residence times at various temperature and the reaction chemistry. In echo to this, it was demonstrated that the operating conditions namely, the gas flow rate of inert gas, the pressure and the power density at the target were determinant in the fullerene yield of solar synthesis, as shown in Fig. 1.25. A decade after, the synthesis of ZnO, M gO and T iO 2 nanopowders in similar solar reactor was reported [START_REF] Apostol | Solar physical vapor deposition: A new approach for preparing magnesium titanate nanopowders[END_REF][START_REF] Negrea | Solar physical vapor deposition preparation and microstructural characterization of T iO 2 based nanophases for dye-sensitized solar cell applications[END_REF][START_REF] Negrea | Solar Physical Vapor Deposition Preparation and Microstructural Characterization of T iO[END_REF][START_REF] Ait Ahcene | Preparation by solar physical vapor deposition (spvd) and nanostructural study of pure and bi doped zno nanopowders[END_REF][START_REF] Kouam | Characterization and properties of ZnO based nanopowders prepared by solar physical vapor deposition (SPVD)[END_REF]. In analogy with PVD, the solar process developed in this objective is named "Solar Physical vapor deposition": this process basically consists in vaporizing solid precursors using concentrated solar irradiation, and condensing the vaporized species in the reactor onto an nanoparticle filter mounted onto an evacuation system. The inner reactor pressure was shown to be a critical parameter, directly influencing the average size of synthesized metal oxides nanopowders.

More recently successfull solar synthesis of inorganic nanomaterials in quartz ampouls were reported [START_REF] Brontvein | New high-temperature P b-catalyzed synthesis of inorganic nanotubes[END_REF][START_REF] Lu | High-yield synthesis of silicon carbide nanowires by solar and lamp ablation[END_REF][START_REF] Brontvein | Solar synthesis of P bS -SnS 2 superstructure nanoparticles[END_REF][START_REF] Katz | Concentrated sunlight for materials synthesis and diagnostics[END_REF][START_REF] Levy | Synthesis of inorganic fullerene-like nanostructures by concentrated solar and artificial light[END_REF][START_REF] Albu-Yaron | M oS 2 hybrid nanostructures: From octahedral to quasi-spherical shells within individual nanoparticles[END_REF]. Specifically, the solar reactors used involved a double reflection system (Fig. 1.26) allowing sunlight concentration up to 15000-30000 suns, creating exceptionally hot annealing zones and sharp temperature gradients. Extremely rare nanostructures -requiring very high energy density -such as M oS 2 nanooctahedra were synthesized [START_REF] Albu-Yaron | M oS 2 hybrid nanostructures: From octahedral to quasi-spherical shells within individual nanoparticles[END_REF]. 

Synthesis

Table 1.1 summarizes the advantages and disadvantages of the different synthesis routes discussed above, as well as the type of nanomaterial possibly produced. 

Modeling the flow within nanomaterial reactors

Computational fluid dynamics (CFD) is a computer simulation tool that allows modelling the dynamics of fluids based on the conservation laws (conservation of mass, momentum, and energy) governing fluid motion. CFD provides both insight and quantitative predictions of fluidflow phenomena (e.g pressure, velocity or temperature fields). With the relentless increase of computation performance of computers, CFD has increased in importance and in accuracy. However, its predictions are never completely exact and are often subject to careful interpretation or experimental validation. As discussed above, there are different paths to synthesize nanomaterials and many of them involve the transport of a vapor/liquid phase [48,68] in a reactor, which includes fluid dynamic physics. The major ones, namely CVD, PVD, Aerosol processing, quenching processing, liquid phase synthesis and solar synthesis are reviewed below.

Chemical vapor deposition (CVD)

Computational fluid dynamic CFD is relevant for predicting and optimizing the growth of thin films (epitaxy) [START_REF] Sengupta | Combined ab initio quantum chemistry and computational fluid dynamics calculations for prediction of gallium nitride growth[END_REF][START_REF] Danielsson | Growth rate predictions of chemical vapor deposited silicon carbide epitaxial layers[END_REF][START_REF] Fu | Kinetic monte carlo study of metal organic chemical vapor deposition growth dynamics of gan thin film at microscopic level[END_REF][START_REF] Masi | Fluid-dynamics during vapor epitaxy and modeling[END_REF][START_REF] Lamborn | Modeling studies of the chemical vapor deposition of boron films from B 2 H 6[END_REF], as the precursors are moving gas in the vacuum chamber. CFD is also implemented at the design step of CVD reactor in order to describe various transport phenomena in the reactor [START_REF] Huang | Development of a polysilicon chemical vapor deposition reactor using the computational fluid dynamics method[END_REF]. Furthermore CVD is also used to synthesize nanomaterials such as graphene and carbon nanotubes [36][37][38], and implies fluid dynamic associated phenomenas.

As depicted in Fig. 1.27, fluid dynamic simulation is a powerful tool to optimize graphene synthesis by CVD [START_REF] Wang | Growth of millimeter-size single crystal graphene on cu foils by circumfluence chemical vapor deposition[END_REF] Several articles report fluid dynamic simulations carried alongside the synthesis process implemented [START_REF] Zhou | Space-confined vapor deposition synthesis of two dimensional materials[END_REF][START_REF] Xuan | Multi-scale modeling of gas-phase reactions in metal-organic chemical vapor deposition growth of W Se 2[END_REF][START_REF] Othman | 3D CFD simulations of MOCVD synthesis system of titanium dioxide nanoparticles[END_REF][START_REF] Daugherty | Computational fluid dynamics modeling and experimental investigation of a chemical vapor deposition synthesis of ZnO nanostructures[END_REF][START_REF] Reuge | Chemical vapor synthesis of zinc oxide nanoparticles: experimental and preliminary modeling studies[END_REF] or in the design of the reactor itself [START_REF] Johnson | Design and characterization of a novel chemical vapor deposition reactor to synthesize nanoscale structures[END_REF]. The influence of fluid dynamics on the synthesis of nanomaterials is crucial in terms of yields and scalability [START_REF] Fauzi | A critical review of the effects of fluid dynamics on graphene growth in atmospheric pressure chemical vapor deposition[END_REF] and tends to be studied more and more deeply [START_REF] Fauzi | Influence of mixed convection in atmospheric pressure chemical vapor deposition of graphene growth[END_REF][START_REF] Huet | Multi-wafer batch synthesis of graphene on cu films by quasi-static flow chemical vapor deposition[END_REF].

Similarly to CVD, PECVD is also largely influenced by the fluid dynamics in the reactor. Lopes et al. studied the application of an integrated CFD model to aluminum nanoparticle production [START_REF] Lopes | Application of an integrated CFD model to aluminum nanoparticle production[END_REF], emphasizing the critical importance of the flow, temperature, and vapor concentration patterns on the nucleation and growth of nanoparticles.

Physical vapor deposition (PVD)

In analogy with CVD, the growth of thin film can be simulated accurately by CFD [START_REF] Zhou | Physical vapor transport of zinc-telluride by dissociative sublimation[END_REF], and it may also describe in depth the thermal effects (radiation, convection) in the PVD reactor as well as their effects on crystal growth [START_REF] Kassemi | Interaction of surface radiation with convection in crystal growth by physical vapor transport[END_REF]. Additionally, the fluid dynamic within such PVD reactor is simulated in order to target a given size of nanoparticules [55,[START_REF] Geiser | Modeling and simulation for physical vapor deposition: multiscale model[END_REF] (as in Fig. 1.28), a given surface [START_REF] Kim | Surface modification of titania nanoparticles by an evaporation-condensation process in a flow chamber[END_REF] or characterize the deposition process [128]. 

Aerosol processing

As a matter of fact, fluid dynamics plays a crucial role in aerosol process. By tuning different parameters (process temperature, residence time of particle), the size and type of nanoparticules may be changed [START_REF] Buesser | Design of nanomaterial synthesis by aerosol processes[END_REF][START_REF] Stark | Aerosol flame reactors for manufacture of nanoparticles[END_REF] as delineated in Fig. 1.29.

Figure 1.29: Overview of aerosol growth by coagulation and sintering showing the evolution of primary particle (PP) diameter, dp (blue solid line), and agglomerate collision diameter, dc (blue dashed line), with a typical temperature profile (red dash-dot line) [START_REF] Heine | High concentration agglomerate dynamics at high temperatures[END_REF] along with the relative magnitude of the characteristic times of coagulation, τ c, and sintering, τ s.

Thus CFD simulation may be exploited to better grasp the conditions affecting the synthesis of nanoparticles, and was for example used to predict the size distributions of T iO 2 nanoparticles in a propane/air flame [64,[START_REF] Xie | Simulation of Size Distributions of T iO 2 Nanoparticles in a Propane/Air Flame[END_REF][START_REF] Xu | CFD-population balance Monte Carlo simulation and numerical optimization for flame synthesis of T iO 2 nanoparticles[END_REF].

The flow modeled is usually a very hot turbulent jet (T > 1000 K). CFD is commonly used to map the temperature and velocity profiles in the reactor. The quenching rates in aerosol process are largely influenced by the fluid dynamics within the reactor. This was investigated by Abu et al. [START_REF] Hamed | Study of a quench device for the synthesis and hydrolysis of zn nanoparticles: Modeling and experiments[END_REF] both experimentally and with CFD modelling to assess the performance of a reactor for the hydrolysis of Zn particles. Numerical data elucidate the impact of varying jet flow rates on temperature and velocity distributions within the reactor. The experimental set-up is described in Fig. 1.31 and the corresponding simulated velocity and temperature contours are presented in Fig. 1.32. 

Liquid phase nanoparticules synthesis

As for preceeding methods, CFD has been implemented in liquid/microfluidic devices to investigate the flow characteristics and its influence on size distribution of nanoparticules [67,[START_REF] Liu | Microfluidic biosynthesis of silver nanoparticles: effect of process parameters on size distribution[END_REF][START_REF] Sierra-Pallares | Understanding bottom-up continuous hydrothermal synthesis of nanoparticles using empirical measurement and computational simulation[END_REF][START_REF] Kim | Mass production and size control of lipid-polymer hybrid nanoparticles through controlled microvortices[END_REF], as presented in Fig. 1.33 and Fig. 1.34. The liquid mixing is a key parameter to tune the size of nanoparticles in such reactors, which may be quantified, improved and optimized using CFD tools. For example, CFD simulations were runned alongside hydrothermal nanoparticles to predict the nucleation and growth of the nanomaterials inside the reactor [START_REF] Sierra-Pallares | Understanding bottom-up continuous hydrothermal synthesis of nanoparticles using empirical measurement and computational simulation[END_REF]. 

Solar synthesis

As they imply high temperature gradients and circulation of gases in the reactor, the performance of solar processes are strongly correlated to the fluid dynamics within the reactor.

As a consequence CFD has been investigated in solar reactors for applications such as thermal reduction of metal oxides [START_REF] Abanades | Design and simulation of a solar chemical reactor for the thermal reduction of metal oxides: case study of zinc oxide dissociation[END_REF], thermochemical gasification of charcoal [START_REF] Müller | A pressurized high-flux solar reactor for the thermochemical gasification of charcoal slurry-two-phase flow and heat transfer analysis[END_REF], CO 2 splitting in an aerosol flow reactor [START_REF] Loutzenhiser | CO 2 splitting in an aerosol flow reactor via the two-step Zn/ZnO solar thermochemical cycle[END_REF] and solar cracking of natural gas [START_REF] Ozalp | A computational fluid dynamics study on the effect of carbon particle seeding for the improvement of solar reactor performance[END_REF].

The fluid dynamics pertaining to solar reactors designed for nanomaterial synthesis, such as the Heliotron (Fig. 1.35), has already been studied through the research work of L.Cassan ??.

The solar vaporization of yttrium oxide was more specifically investigated, and the temperature and velocity maps of the reactor (Fig. 1.36) were determined in permanent regime using CFD tools [START_REF] Badie | Gas temperature measurements in high concentration solar furnace environments: Evidence of nonequilibrium effects[END_REF][START_REF] Cassan | Solar induced fluorescence. application to temperature measurements and determination of quenching coefficients of the molecule yo[END_REF]. The predicted axial temperature calculated using FLUENT®was shown to be consistent with the experimental temperature values obtained with spectrometry (see Fig. In its study Cassan investigates the setting-up of natural convection induced by high temperature gradients within the reactor following yttria vaporization induced by concentrated irradiation. The main variable/parameter of the simulations is the inner pressure of the reactor whilst the target temperature and the velocity-inlet of inert gas injection are set constant (Fig. 1.38).

Figure 1.38: Boundary condition set-up (thermal on left, and dynamic ones on right) [START_REF] Cassan | Solar induced fluorescence. application to temperature measurements and determination of quenching coefficients of the molecule yo[END_REF].

In this PhD simulation work ??, a more complex modelling of the Heliotron solar reactor is performed with three tunable parameters: the inner pressure, the focal zone temperature, and a jet velocity associated to the focal zone.

Inorganic closed cage nanostructures

Following the discovery of C 60 [17], the CNT by Iijima [18] and the advent of fullerene chemistry, extensive attention has been directed towards the associated cylindrical (nanotubes) and polyhedral (fullerenes) forms of graphite. The analogy between the layered structure of graphite and M X 2 compound (M is W or Mo, X is S or Se), as shown in Fig. 1.39, suggests that closed polyhedra may also exist in the latter compounds. This was suggested and observed by Tenne et al. for the first time in 1992 in the case of W S 2 , a layered semiconductor compound, whose structure is represented in Fig. 1.40.

In that respect, Tenne et al. showed that nanoparticles of the layered compound W S 2 are unstable in the platelet form and that they spontaneously form closed cage structures akin to carbon fullerenes and carbon nanotubes [START_REF] Tenne | Polyhedral and cylindrical structures of tungsten disulphide[END_REF]. Later, this specific feature will be demonstrated for numerous other compounds such as M oS 2 [START_REF] Tenne | Fullerene-like materials and nanotubes from inorganic compounds with a layered (2-D) structure[END_REF], T iO 2 [START_REF] Na | Fabrication of T iO 2 nanotubes by using electrodeposited ZnO nanorod template and their application to hybrid solar cells[END_REF], SnS 2 [START_REF] Radovsky | Synthesis of copious amounts of SnS 2 and SnS 2 /SnS nanotubes with ordered superstructures[END_REF], T i S 2 , N bS 2 [START_REF] Nath | New metal disulfide nanotubes[END_REF][START_REF] Schuffenhauer | Synthesis of N bS 2 nanoparticles with (nested) fullerene-like structure (IF)[END_REF], T aS 2 [START_REF] Nath | New metal disulfide nanotubes[END_REF][START_REF] Schuffenhauer | Synthesis of fullerene-like tantalum disulfide nanoparticles by a gas-phase reaction and laser ablation[END_REF].

Hence, this singular arrangements of atoms proper to graphite and several 2D-materials give them the ability to form closed-cage structures as unraveled by Tenne et al. [START_REF] Tenne | Polyhedral and cylindrical structures of tungsten disulphide[END_REF][START_REF] Tenne | Inorganic nanotubes and fullerene-like structures (IF)[END_REF][START_REF] Tenne | Inorganic nanotubes and fullerene-like materials[END_REF]. Figure 1.41: Mother of graphitic forms. In analogy with graphite, monolayer of layered structure can be wrapped up into 0D buckyballs, rolled into 1D nanotubes or stacked into 3D bulk material [START_REF] Geim | The rise of graphene[END_REF].

Significant research efforts were and are still focused on the synthesis of new nanotubes and fullerene-like nanoparticles, as well as on the characterization of their unique physical and chemical behavior.

Two particular compounds, namely W S 2 and M oS 2 IFs have attracted considerable interest since their discovery due to their wide range of promising applications. It was established, for example, that such nanoparticles can be used as superior solid lubricants [START_REF] Rapoport | Hollow nanoparticles of WS2 as potential solid-state lubricants[END_REF][START_REF] Rapoport | Applications of ws 2 (mos 2) inorganic nanotubes and fullerene-like nanoparticles for solid lubrication and for structural nanocomposites[END_REF] and can enhance the mechanical properties of various nanocomposites [START_REF] Rapoport | Applications of ws 2 (mos 2) inorganic nanotubes and fullerene-like nanoparticles for solid lubrication and for structural nanocomposites[END_REF][START_REF] Naffakh | Influence of inorganic fullerene-like ws 2 nanoparticles on the thermal behavior of isotactic polypropylene[END_REF][START_REF] Naffakh | Thermoplastic polymer nanocomposites based on inorganic fullerene-like nanoparticles and inorganic nanotubes[END_REF][START_REF] Hou | Microstructures and tribological properties of peek-based nanocomposite coatings incorporating inorganic fullerene-like nanoparticles[END_REF].

Similarly to IFs, M oS 2 and W S 2 nanotubes are widely studied due to their layered nanostructure and their subsequent remarkable mechanical [START_REF] Rapoport | Applications of ws 2 (mos 2) inorganic nanotubes and fullerene-like nanoparticles for solid lubrication and for structural nanocomposites[END_REF][START_REF] Naffakh | Thermoplastic polymer nanocomposites based on inorganic fullerene-like nanoparticles and inorganic nanotubes[END_REF], tribological [START_REF] Kalin | Mechanisms and improvements in the friction and wear behavior using mos2 nanotubes as potential oil additives[END_REF], chemical (catalytic) [START_REF] Tsverin | Synthesis and characterization of ws2 nanotube supported cobalt catalyst for hydrodesulfurization[END_REF][START_REF] Chen | Electrochemical hydrogen storage in mos2 nanotubes[END_REF], (opto) electronic [START_REF] Shubina | Excitonic emission in van der waals nanotubes of transition metal dichalcogenides[END_REF] and semi-conducting [START_REF] Fathipour | Synthesized multiwall mos2 nanotube and nanoribbon field-effect transistors[END_REF][START_REF] Levi | Field-effect transistors based on ws2 nanotubes with high current-carrying capacity[END_REF] properties. The layers of these material consist of metal (Mo, W) atomic sublayer sandwiched between two sulfur atomic sublayers. Thus, when wrapped into closed tubes, these layers form a sulfur-terminated surface, which shows preferential adhesion to various polymer matrices, critical for strengthening polymers. In addition, the sulfur-terminated surface of such nanotubes is relatively inert, leading to a weak agglomeration and their facile dispersion in various matrices.

To provide a comparison between both material for tubular structure, M oS 2 nanotubes are 40% lighter and expected to be also 40% stronger than W S 2 nanotubes (their molecular weights are 160 and 248 g, and the calculated Young's moduli are 238 and 171 GPa, respectively). In addition to their excellent mechanical strength, the excitonic emission of semiconducting M oS 2 is superior to that of W S 2 nanotubes.

Therefore M oS 2 was the most preferred material for the present experimental work of nanomaterial synthesis, although its scalable synthesis is less developed compared to W S 2 [START_REF] Zak | Scaling up of the ws 2 nanotubes synthesis[END_REF][START_REF] Chithaiah | Solving the "M oS 2 Nanotubes" Synthetic Enigma and Elucidating the Route for Their Catalyst-Free and Scalable Production[END_REF].

Stability of closed cage nanostructures

On the basis of atomistic calculations, models were developed to describe the stability of closedcage structures. The interplay between the strain energy in the closed cage structures and the energy due to unsaturated (dangling) bonds in layer stripes/nanoplatelets, as well as the role of Van der Waals interaction were discussed [START_REF] Seifert | Stability of metal chalcogenide nanotubes[END_REF][START_REF] Lorenz | Theoretical Study of the Mechanical Behavior of Individual T iS 2 and M oS 2 Nanotubes[END_REF][START_REF] Seifert | Structure and Electronic Properties of M oS 2 Nanotubes[END_REF]. The underlying physical principle is that the most stable structure for a given material is the one showing the lowest strain energy per atom. The existence of several M oS 2 and W S 2 closed-caged structures may thus be predicted and explained theoretically through atomistic numerical modelling such as Density Functional Theory (DFT) and Molecular Dynamic (MD) numerical simulations.

Nanotubes

The most stable form of layered M oS 2 and W S 2 consists of a metal layer sandwiched between two sulphur layers. These triple layers are stacked together, similarly to graphite, by van der Waals interactions. Therefore, tubular structures can be analogously constructed by conformal mapping of a 2D triple layer of M oS 2 onto the surface of a cylinder, thus rolling up the sheets along specific directions in the 2D lattice (see Fig. It is shown by the calculations of Seifert et al. [START_REF] Seifert | Stability of metal chalcogenide nanotubes[END_REF] that due to the strain energy, narrow M S 2 (M = Mo, W) tubes are clearly less stable than the corresponding layer stripes. Beyond a critical radius and for the same number of layers, the strain in the tubes becomes smaller than the energy associated with the edges (dangling bonds) in the layered stripes. Thence, M S 2 tubes with a diameter larger than about 6.2 nm are shown to be more stable than stripes π × 6.2 nm wide. This result was found to be in accordance with the experimental finding that the smallest (inner) diameter of M oS 2 or W S 2 is around 6-7 nm. Furthermore, the calculations showed that the stability of the M S 2 (M = Mo, W) nanotubes increases with the number of walls, explaining the great difficulty in synthesizing single/double wall M S 2 nanotubes. It should be stated that as plotted in Fig. 1.44, the strain energy of carbon nanotubes is significantly lower (∼ one order of magnitude) for diameter in the range 5 nm -30 nm than the strain energy of M oS 2 nanotube [START_REF] Seifert | Stability of metal chalcogenide nanotubes[END_REF]. One may deduce that it explains merely why the synthesis of carbon nanotubes is more straightforward than M oS 2 counterparts. To wit, the number of publications of CNT synthesis is considerably higher than the one for W S 2 and M oS 2 nanotube, as well as the technological advancements and implementation in large-scale applications. Note that the stability properties of boron nitride nanotubes are similar to those of CNTs [START_REF] Blase | Stability and band gap constancy of boron nitride nanotubes[END_REF]. 

Nanooctaedra, fullerenes and nanoseashells

Among the range of hollow closed nanostructures and nanoparticle known to be formed from M oS 2 , the smallest allowed structures are nanooctahedra of 3 nm to 8 nm size. Nicknamed the "true inorganic fullerene" in analogy to carbon fullerenes [START_REF] Tenne | Doped and heteroatom-containing fullerene-like structures and nanotubes[END_REF], they differ from larger multi-walled M oS 2 fullerene-like nanoparticles both in their morphology and predicted electronic properties. The larger fullerene-like nanoparticles are quasi-spherical (polyhedral) or nanotubular, typically with diameters of 20 to 150 nm [START_REF] Margulis | Nested fullerene-like structures[END_REF]. Nanoplatelets, nanotubes, and quasispherical nanoparticles of M oS 2 are semiconductors. In contrast, all hollow octahedral M oS 2 fullerenes exhibit a nearly vanishing gap. These structures are produced in high energy systems such as laser/solar ablation where the synthesis is performed far from equilibrium conditions, and the reaction mechanism involved remains unknown.

Beyond a critical size, the layers fold evenly and transform into quasi-spherical shape. The TEM images reveal multi-walled nanooctahedra at the core of M oS 2 closed nanoparticles up to a diameter slightly above 10 nm. Beyond this value, the elastic strain is better accommodated by an even folding of the layers into quasi-spherical shells. The model developed by Albu-Yaron et al. [START_REF] Albu-Yaron | M oS 2 hybrid nanostructures: From octahedral to quasi-spherical shells within individual nanoparticles[END_REF] assess the relative stability of hollow hybrid M oS 2 nanoparticles comprising octahedral and spherical shells by estimating the energy relative to the monolayer ∆E.

The predictions plotted in Fig. 1.45 confirm the coexistence of nested M oS 2 octahedra and peripheral spherical shells, with a smooth transition from octahedra-dominated nanoclusters to spherical shells-dominated nanoclusters, as the particle size and number of layers increase.

Figure 1.45: Energy (relative to that of a monolayer) of hollow hybrid M oS 2 nanostructures comprising nested nanooctahedra inside spherical shells, for a range of values of the 1) total number of layers (10 (black), 20 (green), and 30 (red)), and 2) outer diameter (nm label to the right of each curve) [START_REF] Albu-Yaron | M oS 2 hybrid nanostructures: From octahedral to quasi-spherical shells within individual nanoparticles[END_REF].

Enyashin et al. [START_REF] Enyashin | Structure and stability of molybdenum sulfide fullerenes[END_REF] constructed atomic models of M oS 2 nanoparticles with fullerene-like nanostructures to investigate their respective stability.

In their presented work, the relative stabilities of the M oS 2 fullerenes were compared with those of triangular M oS 2 nanoplatelets. In Fig. 1.46, the energies per atom E t /N of nanoplatelets, octahedral fullerenes (nanooctahedra) and spherical fullerenes with different numbers of layers k are plotted as a function of size N. The energies are roughly proportional to 1/N .

The most important result is the crossing of the energy curves for the nano-octahedra and the nanospheres at sizes less than 100 000 atoms. Thus, the present calculations reveal, in full agreement with the experimental data (see below), a peculiar dependence of the shape of M oS 2 nanoparticles on their size. Multiwalled octahedral M oS 2 fullerenes represent an intermediate allotropic form between small nanoplatelets, which are stable with hundreds to thousands of atoms, and multiwalled quasispherical fullerene-like nanoparticles, which are stable with more than 10 5 atoms (diameters greater than 30 nm).

Figure 1.46: The dependence of the energy per atom E T /N on the total number of atoms N for various M oS 2 nanostructures: triangular nanoplatelets, octahedral fullerenes with k shells, and spherical fullerene-like nanoparticles with k shells [START_REF] Enyashin | Structure and stability of molybdenum sulfide fullerenes[END_REF].

Later Enyashin et al. [START_REF] Enyashin | Nanoseashells and nanooctahedra of M oS 2 : Routes to inorganic fullerenes[END_REF] studied the stability of two imperfect structures of nanooctahedra, the distorted octahedra and the seashell-like structures. It can be seen in Fig. 1.47 that the energy gap between these two kinds of nanoparticles is insignificant in the case of structures comprising one or two shells/curls. However, at larger number of shells/curls (high values of k), the differences between the total energies of the nanooctahedra and the nanoseashells becomes larger, and the nanoseashells are less stable. Thus nanoseashells including a large number of curls will be statistically less numerous than their nanooctahedra counterparts. 1.7 M oS 2 and W S 2 nanostructures synthesis routes

With the discovery of tungsten disulfide (W S 2 ) and molybdenum disulfide (M oS 2 ) fullerenelike nanoparticles and tubular structures [START_REF] Tenne | Polyhedral and cylindrical structures of tungsten disulphide[END_REF][START_REF] Margulis | Nested fullerene-like structures[END_REF], followed by the discovery of boron nitride (BN) nanotubes [START_REF] Chopra | Boron nitride nanotubes[END_REF], it was found that fullerenes and carbon nanotubes represent only a small subset of a wide class of layered materials that can form C 60 -like particles, tubes, and other interesting morphologies, and their associated unique properties.

Although, the synthesis of M oS 2 and W S 2 IFs and INTs has started two decades ago, and is still investigated today, CNT are already industrialized for wide scale applications. For instance, the global carbon nanotubes market was about 1900 tons in 2017 (Yano Research Institute Ltd.) while only few tons of W S 2 IFs were produced in 2015, and less even for M oS 2 [START_REF] Kaplan-Ashiri | On the mechanical properties of W S 2 and M oS 2 nanotubes and fullerene-like nanoparticles: In situ electron microscopy measurements[END_REF]. Note that the synthesis of W S 2 IFs and INTs in equilibrium conditions is technologically more mature than M oS 2 ones owing to their simpler formation mechanism [START_REF] Chithaiah | Solving the "M oS 2 Nanotubes" Synthetic Enigma and Elucidating the Route for Their Catalyst-Free and Scalable Production[END_REF].

The main reported synthesis routes of M oS An original method consisting of heating M oS 2 powder cover by molybdenum foil in a H 2 S/Ar pictured in Fig. 1.50 is reported by Hsu et al. [START_REF] Hsu | An alternative route to molybdenum disulfide nanotubes[END_REF].

Figure 1.50: M oS 2 nanotube generation apparatus [START_REF] Hsu | An alternative route to molybdenum disulfide nanotubes[END_REF].

MOCVD process starting from W (CO) 6 and elemental sulphur is also reported to successfully synthesize M oS 2 , M oSe 2 and W S 2 onion-like nanoparticles [START_REF] Tremel | From single molecules to nanoscopically structured functional materials[END_REF].

Laser ablation on a M oS 2 Ø17 mm pellet is described as one of the rare ways to synthesize M oS 2 nanooctaedra and nanoseashells [START_REF] Enyashin | Nanoseashells and Nanooctahedra of M oS 2 : Routes to Inorganic Fullerenes[END_REF]. Compared to the other presented method, this later is far from equilibrium conditions and is characterized by high temperatures and short reaction times. These non-equilibrium conditions required for the formation of these structures, as well as the instability of the intermediate products, makes the understanding of the mechanism path rather intricate.

Solar ablation, schematically depicted in Fig. 1.51, is also stated to be a successfull path in M oS 2 and W S 2 closed-cage structures synthesis. By irradiating solid precursors (M oS 2 or M oO 3 and S, W S 2 or W O 3 and S) with or without a catalyst to promote the growth, INTs and IFs were successfully synthesized [START_REF] Lu | High-yield synthesis of silicon carbide nanowires by solar and lamp ablation[END_REF][START_REF] Katz | Concentrated sunlight for materials synthesis and diagnostics[END_REF][START_REF] Albu-Yaron | M oS 2 hybrid nanostructures: From octahedral to quasi-spherical shells within individual nanoparticles[END_REF][START_REF] Wiesel | Synthesis of W S 2 and M oS 2 fullerene-like nanoparticles from solid precursors[END_REF][START_REF] Gordon | Singular M oS 2 , SiO 2 and Si nanostructures-synthesis by solar ablation[END_REF][START_REF] Brontvein | New High-Temperature P b-Catalyzed Synthesis of Inorganic Nanotubes[END_REF]. Highly concentrated sunlight leads to high temperatures, strong temperature gradients, and extended hot annealing regions conducive to the formation of different inorganic nanotubes.

Figure 1.51: High-irradiance (30000 suns) solar furnace used [START_REF] Lu | High-yield synthesis of silicon carbide nanowires by solar and lamp ablation[END_REF].

José-Yacamán et al. [START_REF] José-Yacamán | Studies of M oS 2 structures produced by electron irradiation[END_REF] produced M oS 2 onion layers with fullerene like structure and others onion layers with their planes rotated with respect to each other by well-defined angles via electron irradiation. A remarkable fact is that the onionlike structures are solely found and do not appear to be associated with nanotubes as is commonly observed in the case of carbon.

Recently Zak et al. [START_REF] Chithaiah | Solving the "M oS 2 Nanotubes" Synthetic Enigma and Elucidating the Route for Their Catalyst-Free and Scalable Production[END_REF] reported high yield catalyst-free synthesis of M oS 2 and W S 2 nanotubes using a porous-quartz reaction cell depicted in Fig. 1.52 instead of a fluidized bed reactor. This specific reactor design allows a better diffusion of sulphur atoms, which is favorable to the formation of pure-phase inorganic nanotubes. Table 1.2 summarizes all the preceeding synthesis routes presented and the respectives solid precursors and catalyst used, and the nanostructures obtained. A reducing atmosphere at high temperature is also required to ensure the nesting and the growth by the virtue of a mechanism of oxygen atoms substitution by sulphur ones [START_REF] Chithaiah | Solving the "M oS 2 Nanotubes" Synthetic Enigma and Elucidating the Route for Their Catalyst-Free and Scalable Production[END_REF][START_REF] Zak | Growth Mechanism of M oS 2 Fullerene-like Nanoparticles by Gas-Phase Synthesis[END_REF][START_REF] Brontvein | New High-Temperature P b-Catalyzed Synthesis of Inorganic Nanotubes[END_REF][START_REF] Rothschild | Growth of ws2 nanotubes phases[END_REF]. The reported work highlights the importance of reactor temperature and reducing gas flowrates in the yield and the size of nanotubes and fullerene-like nanoparticles synthesized.

The growth mechanisms of W S 2 nanotubes and M oS 2 fullerene-like nanoparticles (IF) by gas phase synthesis is firstly studied by Tenne et al. [START_REF] Zak | Growth Mechanism of M oS 2 Fullerene-like Nanoparticles by Gas-Phase Synthesis[END_REF][START_REF] Rothschild | Growth of ws2 nanotubes phases[END_REF]. In these very initial works, the growth of W S 2 nanotubes is presented as the result of the growth of an oxide nanowhisker, subsequently sulfidized from outside (encapsulation by sulfide layers) to inside (sulfidization of the oxide core). As for the growth mechanism of M oS 2 IF, it is detailed in three steps: (1) evaporation of the M oO 3 powder as molecular clusters;

(2) condensation of the oxide clusters to give M oO 3-x nanosize particles; (3) sulfidization of the suboxide nanoparticles to generate IF nanoparticles.

Ensuing, Gordon et al. described [START_REF] Brontvein | New High-Temperature P b-Catalyzed Synthesis of Inorganic Nanotubes[END_REF] the formation mechanism of M oS 2 nanotubes synthesized with highly concentrated sunlight irradiated onto a solid precursor powder mixed together with a metallic (Pb) catalyst in a sealed ampoule. A three step mechanism, illustrated in Fig. 1.53, is expected 1) M oS 2 platelets first react with water air residues, decompose by intense solar irradiation, and are then converted to molybdenum oxide. 2) the hot annealing environment induces the growth of Pb-stabilized M oO 3-x nanowhiskers 3) The surface of M oO 3-x begins to react with the sulfur vapor provided by the decomposition of nearby M oS 2 platelets and is enveloped in M oS 2 layers. At the end, the molybdenum oxide core is progressively transformed into M oS 2 nanotubes. 1.9 Characterization methods for nanomaterials 1.9.1 X-Rays diffraction (XRD)

XRD is a technique used to determine the crystal structure of a material. It is usually a bulk characterization technique which produces an average diffraction pattern for the area under investigation. XRD is a nondestructive technique that can be implemented at room temperature and pressure.

The principle of the X-ray diffraction relies on the regular arrangement of atoms inside any crystalline material, leading to the diffraction of X-ray beams sent onto it following scattering at different planes of the material. The resulting diffracted X-rays thereby have a different optical path length to travel. The magnitude of this path length only depends on the distance between the crystal planes and the incident angle of the X-ray beam as shown in Fig. 1.55. This is summarized in the Bragg -Equation:

nλ = 2d sin θ where        n is the number of planes λ is the wavelength d is the interplane distance θ is the incident X-Rays angle
As the wavelength in XRD experiments is precisely known and the angles at which constructive interference occurs are measured, the use of the Bragg equation allows to determine the distance between the lattice planes of the material.

The result of the measurement is named diffractogramm. This is the plot of X-ray intensity on the y-axis against the angle 2θ on the x-axis (2θ is the angle between the incident and the diffracted beam).

Fitting XRD patterns with the obtained diffractogramm may allow the calculation of the material lattice parameters, the orientation of a crystal (or grain), stress in crystalline regions, and secondary phases within the sample. If the sample is not a pure substance, but is rather a compound composed of several components, it is also possible to calculate the relative amounts of the individual phases. 

Granulometry

Granulometry is a measurement technique aiming at evaluating the size distribution in a collection of grains.

The working principle is described in Fig. 1.56. The sample to be characterized is exposed to laser illumination: the light is then scattered in different directions depending on the size distribution of the particles in the samples. Small particles scatter light at relatively low intensities to wide angles while large particles scatter light more strongly at narrow angles. The measurement of the angular distribution of the scattered light by the detectors then allows the size distribution to be deduced using the Mie theory [START_REF] Mie | Beiträge zur optik trüber medien, speziell kolloidaler metallösungen[END_REF]. 

Scanning electron microscopy (SEM)

Scanning electron microscopes (SEMs) have become powerful and versatile tools for material characterization, particularly in recent years, as the size of materials used in numerous applications continues to shrink.

Electron microscopes employs electrons for imaging in a similar way that light microscopes employs visible light. Unlike transmission electron microscopes (TEMs), which detect electrons that travel through a very thin specimen, SEMs use the electrons that are reflected or knocked off the near-surface region of a sample to produce an image. Since the wavelength of electrons is much smaller than that of light, the resolution of SEMs and TEMs is superior to that of a light microscope.

Electrons are emitted at the top of the column, accelerated down, and passed through a combination of lenses and apertures to generate a focused beam of electrons which then hits the surface of the sample (Fig. 1.57 (right side)). The sample itself is mounted on a stage in the chamber area and both the column and the chamber are evacuated by a combination of pumps.

The scanning electron microscope (SEM) creates images by scanning the sample with a high-energy beam of electrons. As the electrons interact with the sample, they produce secondary electrons, backscattered electrons, and characteristic X-rays as depicted in 

Transmission electron microscopy (TEM)

Transmission electron microscopes (TEM) are microscopes that employs particle beam of electrons to visualize samples and generate a highly-magnified image. The transmission electron microscope is a remarkably powerful tool for material science as it can magnify objects up to 2 million times. Accordingly, TEMs can reveal the finest details of internal structure -in some cases as small as individual atoms.

TEMs uses a high voltage electron beam in order to create an image. An electron gun at the top of a TEM emits electrons that pass through the microscope vacuum tube. Rather than having a glass lens focusing the light (as in the case of light microscopes), the TEM uses an electromagnetic lens which focuses the electrons into a very fine beam as delineated in Fig. 1.58. This beam then passes through the sample, which is very thin, and the electrons either scatter or strike a fluorescent screen at the bottom of the microscope. An image of the sample with its assorted parts shown in different shades according to its density is projected on the screen. This image can be then either observed and studied directly in the TEM or photographed. Chemical analysis may also be performed. Two imaging modes are used in TEM.

Imaging

The beam of electrons from the electron gun is focused into a small, thin, coherent beam using a condenser lens. This beam is restricted by the condenser aperture, which precludes high angle electrons. The beam then hits the specimen and parts of it are transmitted depending upon the thickness and the electron transparency of the specimen. This latter transmitted portion is focused by the objective lens into an image on a phosphor screen or a charge coupled device (CCD) camera.

Diffraction

The electrons travel through the sample, they are scattered by the electrostatic potential set up by the elements in the specimen. After passing through the specimen they pass through the electromagnetic objective lens that focuses all the electrons scattered from one point of the specimen into one point in the image plane. Between the objective lens and the image plane, is the back focal plane where the electrons are scattered in the same direction and collected into a single point (dotted line -Fig. 1.59). This is where the diffraction pattern is created. 

Synthesis and scientific questions

The literature is unequivocally highlighting the booming of nanomaterials of various type and shape as they possess exceptional and unique properties, with many promising industrial applications in perspectives. The development of multiple methods to synthesize such nanomaterials contributed to increase the production level to wide scale applications, and led to the discovery of new nanomaterials showing relentlessly novel features.

In particular, the closed cage nanostructures attracted for two decades specific attention for their remarkable properties. carbon fullerenes and nanotubes are at the forefront of these peculiar nanomaterial class. However, the ability to form closed cage structure under specific conditions was found also in other inorganic compounds testifying of singular properties, such as notable tribological, semi-conducting, catalytic and optical properties

The literature points that among those inorganic compounds M oS 2 and W S 2 are particularly interesting materials owing to their ability to easily form hollow closed structures and for their physical properties. In particular, it was stressed in this chapter, that a wide range of research efforts are dedicated to M oS 2 as it is an abundant material which shows better mechanical, electronic and optical properties than its neighbour, W S 2 . However the synthesis of such nanomaterials faces multiple technological challenges. The conventional synthesis routes have exorbitant cost, use hazardous/toxic polluting and non environmentalfriendly chemical substances. And most importantly the yields of the majority of such synthesis methods are very low. This motivated the investigation of a clean, efficient and non-expensive nanomaterial synthesis route of both compounds using concentrated solar energy.

Indeed, the literature reported the successfull and potentially scalable solar synthesis of carbon fullerenes / nanotubes in solar reactor under controlled atmosphere, two decades ago.

The large reaction volume and the operating conditions atteinable in such reactor suggests this approach could be followed to explore the solar synthesis of inorganic closed cage structure. Nowadays, the synthesis of carbon fullerenes and nanotubes is mature and proven with large scale chemical production methods, unlike the INTs an IFs still under developments, especially for M oS 2 . Thereby, this motivates to shift the focus of solar synthesis in controlled atmosphere previously put on carbon towards inorganic compounds, M oS 2 and W S 2 respectively. Thence, the challenge of this PhD was to obtain similar results previously found for carbon with M oS 2 (first) and W S 2 (secondarily). Nevertheless, those latter inorganic materials form nanotubes and fullerenes following different formation mechanisms from the carbon ones, involving more complex atomic interaction as they are made of metallic atoms planes sandwiched by sulphur atomic planes rather than individual carbon atoms planes. Henceforth, the experimental work is intended to extend the knowledge of the formation mechanism of nanotubes and fullerene-like nanostructures inherent to M oS 2 and W S 2 with an original synthesis route, yet never implemented for such compounds. To achieve this, characterization methods specific to nanomaterials such as XRD, SEM, TEM and others will be implemented alongside solar synthesis to correlate the operating conditions to the synthesized nanostructures type, size and shape.

In addition, it should be noted that the formation mechanism of inorganic closed cage structures in far-from-equilibrium synthesis routes, and implying sharp radiative fluxes, short reaction times and ultra-hot annealing zone are not yet fully understood. The only common agreement is that the known stable inorganic closed cage nanostructures need a sufficient energy input to be formed from their bulk material. In this regard, this work is intended to also investigate and explore the formation mechanism at stake in such specific synthesis route, in which solar ablation is very representative.

To tackle the lack of information in such far-from-equilibrium processes, numerical modelling combined to in-situ flow visualization reproducing the flow dynamics induced by solar ablation were implemented to explore the operating conditions encountered within the whole solar reactor. With respect to the literature, it was notably reported that the thermal history of synthesized particles were closely linked to their respective size, shape and structure.

Unfortunately no any sensor or probe could be implemented to measure temperature or flow velocity due to the extreme environment occuring in the reactor during the irradiation. Therefore tailored computational fluid dynamic simulation assessed by flow visualization is expected to provide quantitative estimates where experimental measurements cannot be realized. Thence, in incorporating a complete numerical part, this PhD work follows an holistic approach to address the issue of exploring and optimizing the inorganic nanomaterial solar synthesis.

Chapter 2

Experimental results

Thanks to their unique design, solar reactors enable the harnessing of concentrated solar power to process almost any material up to very high temperatures in controlled atmosphere. Such high temperature elevation in monitored atmosphere may imply physical change of state, thermochemical reactions and structure rearrangements of processed materials. Because of the large range of pressure and temperature attainable in solar reactors, a precise knowledge of the thermodynamic conditions within the reactor is of critical importance to target conditions conducive to the successful synthesis of a particular type of nanomaterial.

Solid precursor thermodynamic elements

The materials used for INTs and IFs solar synthesis were both TMDs, namely M oS 2 and W S 2 , the metallic oxides M oO 3 , W O 3 and elemental sulphur. In addition, elemental W and M o were found as products of solid precursors thermodecomposition under solar irradiation. The thermodynamic behaviour of each of these material is briefly reviewed below.

Both TMDs M oS 2 and W S 2 vaporizes incongruently as they are composed of heavy metallic compounds incorporating sulfur, which vaporizes at low temperature as plotted in Fig.

B.12. Hence both compounds decompose completely beyond a given threshold temperature following equations 2.1 [1-4] and 2.2 [5][6][7].

M oS 2(g) ⇒ M o (s) + S 2(g) (2.1) W S 2(g) ⇒ W (s) + S 2(g) (2.2)
Contrarily to M oS 2 and W S 2 , M oO 3 and W O 3 vaporize congruently in neutral atmosphere [8,9] following equation D.3 and D. 4.

n M o O 3(s) ⇒ M o n O 3n(g) (2.3) n W O 3(s) ⇒ W n O 3n(g) (2.4) with n = [3, 4, 5]
However, when heated rapidly, M oO 3 may dissociate to a small extent into M oO 2(s) and O 2(s) as evidenced by Blackburn and coworkers [10].

Therefore, it appears that molybdenum and tungsten atoms could be present in the solar reactor at medium temperature (T < 2000 K) in gas phase only through the oxides form. As for atomic element, their vaporization is evidently congruent, heavy metals (M o and W ) vaporizing at very high temperature (T > 3000 K) while sulfur (chalcogen atom) vaporizes at low temperature (T < 750 K). Tvap(W ) [11] Tvap(M o) [11] Tvap(M oO 2 ) [10] T init (Eq 2.1) [1,6,12]

Tvap(W O 3 ) [9, 10]
T init (Eq 2.2) [6,[12][13][14] T init-ext (Eq 2) [12,13] Tvap(MoO 3 ) [8,10,15] Tvap(S) [16] Figure 2.1: Thermodynamics properties of the solid precursor likely to be used in solar reactor. Blue dashed line was extrapolated from 1500 K to 2000 K from the calculations reported in [13].

The very first experiments involving M oS 2 ablation led to sulphur outgassing, while pure molybdenum was remaining in solid state in the sample holder. Hence, in that configuration, no any M oS 2 nanostructure synthesis in gas phase could be expected. In parallel, the literature reported that molybdenum/tungsten oxide or oxygen together with H 2 S/sulphur was often the successfull combination to perform M oS 2 / W S 2 IFs and INTs synthesis implying a gas phase reaction [17][18][19][20][21][22][23][24][25][26][27][28][29] .

The joint presence of molybdenum oxide vapour together with a sulfur reducing agent may promote the formation mechanism of M oS 2 INTs and IFs. Subsequently, M oO 3 /W O 3 were added to M oS 2 /W S 2 as solid precursors in solar reactors.

Furthermore, when irradiated at low pressure (< 1 mbar), the M oS 2 solid precursor outgasses violently, projecting chunks of large bulk particles hindering both the maturation of vaporized species and the successfull synthesis of nanomaterials. Therefore, higher operating pressure (∼ 1 bar) were preferred to vaporize regularly the solid precursor in a continuous plume.

Experimental set-up

Solar concentrated power can be used for direct solar ablation or sunlight trapping in cavity for simple heating. The use of two distinct reactors allowed the experimentation of both solar process type.

The Heliotron reactor set-up

The Heliotron solar reactor has been designed originally toward the solar synthesis of nanopowder of ZnO and T iO 2 based oxides [30][31][32]. Such types of solar reactor are tailored to work under controlled atmosphere and to spatially dissociate the irradiation zone from the zone of vapor condensation of the vaporized chemical species, as shown in Fig. 2.2. The Heliotron is directly inspired from the solar reactors that have been used to synthesize fullerenes and carbon nanotubes from solid precursors by Flamant & Laplaze [33][34][35].

The incident solar flux is reflected vertically toward a parabolic dish located in the building, using a tracking heliostat. The incoming flux is then reflected by the 1.5 m dish, allowing an optical power up to ∼ 1 kW to be concentrated onto a 12 mm spot with a maximum concentration of approximately 10000 suns (1 sun = 1 mW/mm²)(Fig. 2.2). A moving-blade shutter placed between the heliostat and the parabola allows an accurate control of the solar flux impinging on the dish, as well as the temperature at the focus. A crucible filled with the raw material is placed in the focal zone, and the Duran® balloon is swept with argon to better control the pressure and chemical environment within the reactor. Highly concentrated sunlight vaporizes instantaneously the solid precursor into a plume of vaporized species spreading in the whole reactor before being quenched and deposited on the condensation zones (i.e. the cold finger, the Pyrex walls and the nanoparticles filter (see Fig. 2.2)). In a second time, a movable cold finger was designed to 1) investigate the possible influence of distance between the irradiation zone and the cold finger, and 2) explore the possible impact of the condensation zone substrate temperature (Fig. 2.2 (right)). This movable finger may be equipped with a conical tip made of BN that enables the collection of NPs at higher temperature than the copper tip. A thermocouple entry was machined within the BN tip surface to enable a direct in-situ temperature measurement of the condensation substrate temperature. 

Sample holders used for the Heliotron set-up

In the successive attempts to synthesize M oS 2 nanomaterials, different sample holders were used as depicted in Fig. 2.3 until keeping the insulated refractory crucible as the most adapted solution. Indeed, keeping the SP in powder form rather than compacted pellets minimizes the overall solid precursor thermal conductivity as detailed in appendix A section A.1. Furthermore, the sample holder should ensure a sufficiently high thermal insulation of the solid precursor (SP) to provide a sufficiently hot and extended annealing area, to reach the vaporization rates required (> 10 mg/s). It should also remain chemically inert at high temperature and resist to very high temperature gradients. 

The Cavity reactor set-up

The Cavity solar reactor has been designed formerly for the solar Pyrolysis of charcoal/wood [36][37][38][39], and is schematically depicted in Fig. 2.4. Such solar process requires the temperature of the pyrolized material to be precisely monitored. Solar blind pyrometry was found to be the most amenable way to measure precisely the material temperature under solar irradiation. Three gas-inlet are set in the Cavity reactor, enabling both the evacuation and a dual injection of inert gas. A thermocouple entry is also available for a second in-situ temperature measurement.

The working principle of the Cavity reactor is similar to the Heliotron, despite the fact that the solid precursors are cooked at monitored temperature and pressure in an enclosure rather than being directly irradiated by concentrated sunlight. Concentrated sunlight passes through the top cavity aperture, then it is trapped and thus heats homogeneously the cavity through the multiple reflection of light rays on inner cavity walls until their complete absorption (blackbody effect). Note that for the latest experiments (>64), one of the two gas inlet channels was adapted in order to fluidize sulphur powder and spray it into the cavity, as depicted in Fig. 

(right)

Sample holders used for the Cavity set-up

The sample holder was originally designed as a simple cavity enabling homogeneous cooking of solid precursors up to 1773 K (Fig. 2.5 (left)). The transport of vaporized species is shown in the literature to be a key step in the success of nanomaterials synthesis [20,[40][41][42], and instigated the development of a new cavity comprising an inner circulation (Fig. 2.5 (right)). This original conception encompasses all the benefits of the sunlight trapping by the cavity shape (pyrometry measurement, homogeneous cooking) and includes another feature: the possibility of injecting a controlled flowrate of sweeping inert gas above the surface of the solid precursor.

In doing so, one can favor the transport of vaporized species until a dissociated condensation zone (cold chamber) where the nanoparticles are collected. Furthermore, a porous cell (fibers mainly made of alumina) incorporating the dispersed solid precursor was set in the annular slot of the crucible, to prevent intensive convection of gases, and favors a gentle diffusion controlled feeding of the gases. 

Operating conditions

Both solar reactors previously described allow to reach different operating conditions through their respective working principle and design.

Heliotron reactor

The Heliotron reactor enables the solar ablation of various materials within a controlled atmosphere. It offers the advantage of permitting a large reaction volume in combination with a high vapor pressure of the reactant up to ∼ 3000 K with an ultra-hot annealing environment. At the focal point, the maximum concentration is approximately 10000 suns. Such kind of synthesis process is far from equilibrium conditions, comprising sharp gradients of temperature estimated as high as 10 4 K/cm.

Cavity reactor

Contrarily to the Heliotron, the Cavity reactor enables homogeneous cooking of materials up to 1573 K in controlled atmosphere. By taking advantage of the sunlight trapping by the cavity (blackbody effect), large quantity of material can be processed inside the cavity at controlled temperature. This reactor can be seen as an ideal solar furnace, enabling precise monitoring of the temperature and pressure inside the cavity, close to equilibrium conditions. The temperature gradients at the vicinity of the cavity center is estimated as high as 10 2 K/cm. Time needed to reach maximum temperature ∼ 0.5 s 20 min

Pressure range [mbar] 0.5-1100 0.5-1100

Comparison of the features of both solar reactors used

Both reactors possess specific features summarized in table 2.2. They both (Fig. 2.6) include an Argon flow and a transport of vaporized chemical species from the heating/irradiating zone to the dissociated condensing zone. The Cavity reactor incorporates a dual temperature measurement of the sample holder temperature whilst the Heliotron sample holder undergo extremely high temperature and far equilibrium conditions precluding any standard temperature measurement (thermocouple, pyrometer). Furthermore, the injection of argon seeded with sulfur is solely enabled with the Cavity reactor, allowing to perform sulfidation/reduction of metallic oxides M oO 3 and W O 3 at monitored temperature and pressure. 

Motivations underpinning the use of two different reactors

At the beginning of the PhD, the formation mechanisms of M oS 2 nanoparticles was not clear. Two prior assumptions were made to explain the scenario of their obtention in previous solar experiments carried in solar ampuls [25,26,29,[43][44][45].

Folding (far equilibrium conditions)

When the bulk M oS 2 is irradiated with concentrated sunlight, the layers fold themselves in closed cage structure similarly to laser ablation.

Nucleation in vapour phase (equilibrium conditions)

When the bulk M oS 2 is irradiated, it vaporizes continuously and incongruently leading to a nucleation of closed cage structure in vapour phase within the reactor before condensing.

In order to investigate both assumptions, it was necessary to perform far equilibrium solar synthesis on one hand and well controlled and homogeneous ones on the another hand. Therefore, the complementarity of both reactor detailed in tables 2.1 and 2.2 was found profitable as Heliotron reactor enables the solar ablation in far equilibrium conditions whilst the Cavity reactor was designed to reproduce accurately the operating conditions met typically in tube furnace for instance (equilibrium conditions).

Following this approach, the experimental work of solar synthesis was performed using both reactors in the perspective of unravelling the possible formation mechanism behind the successfull INTs and IFs synthesis.

Retrieving protocol

The retrieving step consists in selectively collecting the deposited particles and conditioning them to be referenced, stored and prepared for future characterization. The standard protocol common for both solar reactors is outlined in Fig. 2.7.

The particles deposited in the different deposition zones of the reactor are retrieved with a brush impregnated of ethanol into a beaker. The solution of particles is then sonicated during 10 min, possibly grinded for 10 min between two blades, and set in flacons. Those flacons are referenced with the corresponding experiments, zone of retrieving, process undergone (grinding, sonication) before being characterized using the methods detailed in Fig. 2.11. In the specific case of the metallic NPs filter, the latter is directly sonicated for 10 min (Fig. 2.8 (left)), then the solution contained in a 100 mL beaker is left to rest for 24 h. Then, three distinct zones of particles locations in the beaker were often observed as illustrated in Fig. 2.8 (right): 1) supernatant particle agglomerates, 2) particles alongside the beaker edges and 3) the decantate at the bottom. Particle from location zones 1 and 2 formed a small part (< 5 wt%) of the overall particles trapped into the NPs filter. The appearance of supernatant agglomerates above the solution surface after decantation (see Fig. 2.9) could be ascribed to the hydrophobic properties of the NPs synthesized. Supernatant particles which were shown to incorporate higher yields of nanoparticles, were sampled separately from the decantate with a micro-pipette. For XRD and SEM analyses, flacons of processed solutions are sampled with a micropipette and directly deposited onto a sample holder. As for TEM imaging, specific grids enabling the transmission of electrons through the deposition film are required. The preparation of such TEM grids is particularly challenging as it should fulfill several objectives:

1. The amount of particles to be observed should be sufficiently high.

2. Large agglomerates should be avoided, while isolated NPs should be efficiently dispersed.

3. The deposited particles should be kept free from any contamination.

In this objective, several steps should be carefully followed. The solution is sonicated for 10 min, then dried and grinded for 10 min between two microscopic blades. It is gathered once again in a solution that is sampled with a micro pipette. The pipette is vertically held to segregate larger particles from the smaller ones during 2 minutes, then one or few drops are deposited on the TEM grids. Once prepared the TEM grids are stored and referenced separately in a grid box. 

Nanomaterial characterization

Once prepared on an adapted sample holder (zero diffraction plate, cylindrical SEM mount, TEM grid), the retrieved powders could be accordingly characterized.

For each experimental campaign the process described in Fig. 2.11 was followed. The composition of synthesized powder was first identified with XRD, while the macroscopic properties (structures and particle size distribution) were characterized with SEM. And finally TEM microscopy is performed on the most promising samples to observe the nanostructures produced, and analyse their cristallinity and their filling state (hollow/filled). For instance, if M oS 2 or W S 2 are detected through XRD, then it is eventually observed with TEM to capture the overall sample surface and mainly selected to be analyzed with TEM to verify whether closed-cage structures were formed. 

Experimental campaigns

Multiple experimental campaign were carried with both solar reactors, driven by two main objectives 1) obtaining INTs and IFs 2) deciphering the formation mechanism of such nanostructures in solar reactors. Thus, the chronology of the experimental campaign in both reactors was defined toward elucidating the two original assumptions: the synthesis of INTs and IFs through folding or nucleation in vapour phase mechanism. NB: The listing of each experiment operating conditions, parameters and observations is detailed in appendix A section A.2. 

Heliotron reactor experimental campaign

Overview of microscopy results

Microscopy characterizations were performed on the powders synthesized in the Heliotron reactor and retrieved respectively from the different collection zones (cold finger, balloon walls and NPs filter). In particular, inorganic nanostructures of M oS 2 were observed.

Scanning electron microscopy -M oS 2

Thanks to SEM imaging, the presence of nanoplatelets, nanospheres and nanorods or nanotubes was observed as pictured in Figs. 2.12, 2.13 and 2.14. As SEM is based upon surface reflection of electrons, hindering the determination of the inner characteristics of the nanostructures formed, additional TEM measurements were thus performed to identify the filling nature of these structures.

In addition SEM allows a qualitative analysis of the particle size distribution of the overall powder.

Both nanoplatelets and spherical nanoparticles agglomerates were often observed in significant amount (Figs. When the nanostructures were not too aggregated on the grid, the atomic planes (layers) and the hollow/filled core of these latter structures were clearly visualized, enabling to measure/appraise their respective orientation, angles, size (outer and inner diameter, length) and shape.

In particular, some fullerene-like nanostructures were showing sharp angles (Fig. 2.15b and c), potentially characteristic of solar ablation when compared to the ones observed from conventional synthesis routes [20,40,41,47,48]. In addition, numerous multi-wall M oS 2 nanocones were obtained (Fig. 2.16), several ones terminating rather surprisingly at an acute angle (unique structures). These latter should not be confused with M oS 2 triangular flakes which started to roll on themselves, forming nanoscrolls (Fig. 2.17 (right)) at each of the two edges as illustrated in Fig. 2.17 

Synthesis of experiments within the Heliotron reactor

The numerous experiments carried within the Heliotron reactor enabled the investigation of the formation mechanism of M oS 2 INTs and IFs. When M oS 2 is the sole solid precursor, synthesis within the Heliotron could be seen as pure solar ablation of bulk material. Reversely, when the precursor is a mixture of M oS 2 and M oO 3 , the synthesis may rather be seen as solar physical vapor deposition, as performed previously by Negrea et al. on other metal oxides [31,32]. It was reported by numerous previous works that fluid dynamics of neutral and reducing gas injected within the reactor was a key parameter to successfully synthesize INTs and IFs through gas phase reaction [18,[40][41][42]48]. Particularly, it appeared that turbulent flows were not conducive to the growth of closed-cage nanostructures. Therefore, for the experiments including the cavity with circulation (Fig. 2.5), the gas flowrates were chosen and/or varied to target favorable operating conditions, i.e. low flow velocities (laminar regime) at the vicinity of solid precursor and controlled regular fluidization of sulphur powder (for Exp N°≥ 64). Furthermore, a porous cell was set in the annular slot of the crucible to favor a slow diffusion of feeding gas (H 2 and gaseous sulphur) in the solid precursor (Fig. 2.5).

Overview of microscopy results

Microscopy characterizations were performed on the powders synthesized in the Cavity reactor, and retrieved respectively from the different collection zones (crucible/porous cell, cold chamber (for Exp N°≥ 58)) for each experimental session. No any inorganic nanostructures of M oS 2 (INTs & IFs) were observed. In contrast, the presence of W S 2 fullerene-like nanostructures and nanotubes was observed for Exp 101 solely, confirming the efficiency of equilibrium conditions solar synthesis route for this specific TMD compound.

Scanning electron microscopy -M oS 2

Thanks to SEM imaging, the presence of nanoplatelets, nanospheres and nanorods or nanotubes was observed as pictured in Figs. 2.12, 2.13 and 2.14.

Exp 59 -fourth ring cold chamber 

Synthesis of experiments within the Cavity reactor

The Cavity reactor design and the experimental work performed were mainly inspired from the experiments made previously with M oS 2 and W S 2 INTs and IFs synthesis in gas-phase reactor [18,18,19,[40][41][42]. Therefore, the succeeding experiments carried within the Cavity reactor enabled to clear-up several assumptions made for the second formation mechanism scenario, namely the obtention of INTs and IFs through nucleation in vapour phase mechanism in homogeneous and equilibrium conditions.

C1 -C10

The homogeneous cooking of M oS 2 beyond its melting temperature (1458 K) [1] 4) high gas flow velocities at the vicinity of solid precursor, which may hinder nanotube growth by sweeping the M oO 3 sublimed vapor (building material for the growth of nanowhiskers).

In aggreement with Zak and coworkers findings [18], the synthesis of M oS 2 INTs via gas phase reaction was shown to be definitely less straightforward than its W S 2 counterpart, probably because of the molybdenum suboxide nanowhiskers instability.

General synthesis

By crossing the observations for all the experiments with both reactors, it can be concluded that high solar irradiation on mixture of M oS 2 and M oO 3 is succesfully leading to the formation of INTs and IFs. Conversely, solar cooking was not shown to be an effective process for the synthesis of M oS 2 INTs and IFs. However, solar cooking of W O 3 under reducing atmosphere, followed with a sulfidization step, was demonstrated to be an effective way of synthesizing W S 2 fullerene-like nanostructures and nanotubes.

For both compounds, it can be concluded that the presence of M oO 3 /W O 3 together with the solid precursor is necessary to synthesize M oS 2 /W S 2 INTs. In addition, one may consider that the conditions implemented (thermal history and stoechiometry of vaporized species) within the Heliotron reactor may be specifically favorable to the growth of M oS 2 INTs and IFs, and unadapted for the growth of W S 2 INTs and IFs.

In echo to the two prior assumptions made in section 2.6, the experimental results obtained suggest that the formation mechanism of INTs and IFs involve a growth mechanism in vapour phase, in agreement with the formation mechanism described in gas phase reactors [20,23,[40][41][42]48] and solar ablation [43].

Conclusions

Thanks to the results obtained through the numerous experiments carried in both reactors (around 110), and their interpretation in light of the literature, several major conclusions can be made for both compounds. 3. Even though the formation mechanisms of closed cage structures are comparable for both compounds, the substantial differences of the results observed with both reactors confirm that each compound possess its own specific synthesis route and their associated specificities. Namely, the behaviour of the respective materials composing the solid precursors when being vaporized in the reactor, the stability of intermediate suboxide to over reduction or recrystallization, elevated temperatures, and intensive convection of gases, and the temperature "windows" in which the required reduction and/or growth steps can occur.

Chapter 3

Nanomaterials characterization

The characterization of the nanostructures synthesized within both solar reactor is addressed in depth in this chapter. Such material characterization has allowed to identify, describe and understand the formation mechanism of these nanostructures (INTs and IFs) through high magnification imaging paired with chemical analysis. Furthermore, it allowed the identification of unconventional nanostructures specifically synthesized through solar ablation within the Heliotron. In light of the characterization results, several recommendations will be proposed to improve the yield and selectivity of the solar process of both reactors.

Formation mechanisms of IFs and INTs

The second PhD research objective (section 1.10 of chapter 1), after succeeding in synthesizing INTs and IFs, was to investigate and explore the formation mechanisms of these INTs and IFs through solar route. It should be reminded that the prior assumptions regarding the formation mechanisms of INTs and IFs (enumerated in section 2.6 of chapter 2) were 1) folding of bulk M oS 2 /W S 2 crystal layers and 2) nucleation in vapour phase mechanism. In this section, we describe the path of investigations that has finally led to strenghten the second assumption: nucleation of NPs in vapour phase.

Rejection of the hypothesis of thermoexfoliation for the formation mechanism of INTs and IFs in the solar reactors.

It is well known that, unlike other 2D materials such as carbon or boron nitride, TMDCs vaporize incongruently due to the fragile M-S bonds (M =M o,W ). Several studies, presented in chapter 2 section 2.1, investigated the "thermodissociation" of TMDCs, a phenomenon which was always confirmed in our experiments, with both reactors.

In echo to other studies, it was reported that far equilibrium conditions induced by laser ablation or electron irradiation, may be conducive to the formation of M S 2 (M =M o,W ) close cage structures. Such synthesis scenario involves an exfoliation of the crystal layers ensued by the immediate folding or these exfoliated into close-cage structures. According to Weiss [1], at T=ϵ ∼ 700 K the lamellas of M oS 2 start to slide on each other. Notwithstanding these observation, no any M oS 2 /W S 2 solar synthesis from solid precursors is reported [2] at this level of temperature (chapter 1 section 1.7). Hence, it confirms the hypothesis that no thermal-exfoliation of M oS 2 /W S 2 is occurring at T=700 K for M oS 2 . Therefore, breaking a single van der Waals bond between two sulphur atoms (sliding of lamellas) across the interlayer of M oS 2 does not imply that exfoliation of the whole crystal layers is occurring. To explain this latter fact, several prior hypothesis may be made for the exfoliation process:

1. The possible existence of a threshold temperature beyond 700 K at which exfoliation of M oS 2 crystal layers is occurring.

2. On the contrary, the exfoliation process may occur only through sharp gradients in temperature and heat-flux (far equilibrium conditions), without any threshold temperature condition.

Dynamic Molecular Simulation

To explore in which conditions such exfoliation and folding may occur, MD simulations of bi-and quadrilayer M oS 2 structures were performed at high temperature (> 700 K). The simulations were carried out in an isothermal-isobaric (NPT) ensemble (i.e. the crystal is considered to evolve at constant pressure (1 bar) and temperature) using the LAMMPS software [3]. The inter-atomic potential rebomos developed by Spearot and coworkers [4,5] was used to model the M o -S covalent bonds and the three categories of van-der-Waals bonds in M oS 2 (M o -M o, M o -S, S -S (intralayer) and S -S (interlayer)). Note that the rebomos inter atomic potential has not yet been validated at high temperature. The analysis of the final results was performed using OVITO (scientific visualization and data analysis software for atomistic and other particle-based models) [6].

Simulation -Hypothesis 1 -A temperature window may exists for exfoliation

Two parameters were varied to simulate the dynamic of bi-and quadrilayer M oS 2 at high temperature: the working temperature and the simulation timestep.

The simulation matrix summarizing each simulation parametrization set-up is depicted in Fig. 3.1 (left).

A simulation box (28 A×21 A×-500 to 500 A) with periodic boundary condition was defined in order to model infinite in planes layers of M oS 2 (Fig. 3.1 (right)). 

Simulation -Hypothesis 2 -Exfoliation needs thermal gradients

The impact of the typical temperature gradients achieved during the synthesis may provide additional information regarding the operating conditions required for exfoliation.

A simple calculation to estimate the temperature gradient at the upper surface of the power irradiated can easily be made: At the focal point of the upper irradiated surface of the solid precursor (2H-M oS 2 powder), the boundary condition can be written as:

ϕ = λ dT dz z=h = 10 7 W/m 2 (3.1)
with λ equals to 0.1 W/m 2 (approximation of 2H-M oS 2 powder thermal conductivity).

A scaling of the last equation at the nanoscale gives

Φ max = λ ∆T max ∆x ⇔ ∆T max = Φ max ∆x λ = 1K f or ∆x = 10nm (3.2)
It can be deduced that very sharp temperature gradients are at stake at the level of the solid precursor irradiated zone within the Heliotron reactor. Due to time constraints, these latter simulations including thermal gradients have not been properly simulated yet, a perspective left for future investigations.

In summary:

• Thermodissociation and exfoliation occur simultaneously beyond 1300 K.

• Exfoliation only do not occur by straigthforward heating of M oS 2 to high temperature (700 K < T < 1500 K).

• Thermal gradients (> 10 3 K/cm) may significantly influence the multilayer dynamic at high temperature.

Granulometry characterization of M oS 2 powder homogeneous cooking

Jointly to the MD simulations presented in the preceeding paragraph, homogeneous cooking of M oS 2 powders were carried for experiments C1 to C10 within the Cavity reactor. Granulometry was performed on the powders retrieved from those experiments (see section B.1 for more details) as the amount of cooked powder was sufficient (> 200 mg).

Although the cooking temperature does impact the overall size distribution within the micrometer range (Fig. 3.4 (left)), a negligible amount of nanoparticles were detected (as shown in Fig. 3.4 (right) indicating that almost no any nanomaterial were synthesized) independently of the cooking temperature applied. The SEM and TEM microscopy performed on the same powders confirmed these result, only large lumps of cooked material being observed, as pictured in Fig. 3.5. 

Validation of the hypothesis of nucleation in vapour phase for the formation mechanisms of IFs and INTs

The role of M oO 3 as a key material in the succesfull synthesis of INTs and IFs is largely pointed out in the literature (as summarized in table 1.2 of section 1.7 of chapter 2). After multiple unsuccesful attempts (enumerated in section 2.6.1 of chap 2) using bulk M oS 2 , the choice was made to incorporate it to the solid precursor, along with M oS 2 .

The decomposition of M oO 3 at elevated temperatures has been investigated thoroughly [12], based on which the synthesis mechanism of the M oS 2 nanostructures is believed to be:

2 M oO 3(s) + 7/2 M oS 2(s) → 2 M oS 2(s) + 7/2 M o (s) + 3 SO 2(g) (3.3) 
Incongruent high-temperature evaporation of the M oS 2 powder leads to its decomposition, with the generation of sulfur vapors that react with the oxide vapors and condense into different nanoparticles as well as M oS 2 flakes. An alternative possible chemical route is the high-temperature (>1000°C) reduction of the vaporized M oO Step (5). 

Nanotubes

Fullerene-like nanostructures

Core shell nanostructures

M oS 2 fullerene-like nanoparticle filled with M oO 3 core -M oO 3 @IF-M oS 2

Closed core-shell M oO 3 @M oS 2 nanoparticles were observed (Fig. 3.13 and their composition was confirmed by STEM-EDS analysis (Fig. 3.14. These nanoparticles were obtained by cocondensation of the ablated M oS 2 /M oO 3 vapors. While the singlewall closed-cage nanoparticles were mostly quasi-spherical, their multiwall counterparts were more faceted with an overall polyhedral shape that included sharp corners and cusps. Theoretical analysis of the elastic energy of folding of such nanoparticles has been presented, showing that the formation of cusps becomes more favorable the larger the ratio of the thickness of the M oS 2 layers to the radius of the nanoparticles [22]. Their length varied between ∼200-400 nm. Nevertheless, a group of short doublewall nanotubes (length <100 nm) could also be observed. In several cases, doublewall nanotubes that were cut possibly during the ultrasonic treatment were detected. Fig. 3.17 and table B.1 of appendix B summarizes the statistical analysis of 40 such M oS 2 nanotubes. Typically, their walls were not perfectly straight, i.e., their diameter varied along their length by ∼15% in most cases (Fig.

B.8a and Table B.1). However, doublewall nanotubes with diameters varying by up to 46% were also observed in several cases. Often, though, they were buried in a chunk of ablated M oS 2 , or simply covered by a M oS 2 flake, and hence could not be discerned at full scale. This precluded a detailed chemical or structural analysis. The detailed statistical analysis of doublewall M oS 2 nanotubes is presented in table B.1 of appendix B. STEM-EDS and HAADF analyses of one such doublewall nanotube are shown in Fig. 3.18. The TEM and HAADF analysis (Fig. 3.18a and b) clearly show its contour. The STEM-EDS analysis shows that it consists of pure molybdenum and sulfur atoms. Quantitative analysis of its content revealed an S/Mo atomic ratio ∼2:1. In addition, oxygen and nitrogen were distributed homogeneousely, suggesting that they belong to the background. Infrequently, singlewall M oS 2 nanotubes were also visible, as shown in ). The fact that singlewall nanotubes were rare compared to the doublewall nanotubes is probably related to the stable 2H structure, which consists of two M oS 2 planes with hexagonal symmetry (described in subsection 1.2.3 of chapter 1). However, given the different number of atoms in the outer and inner walls of the nanotube, full commensuration between the two walls of a doublewall tube is not possible, and is preserved only locally. 

MD simulations at high temperature

To provide an atomistic insight into the structural properties of the M oS 2 layers, MD simulations were performed. Three different structures were considered: single-layer, bi-layer, and multi-layer (eight layers) of the 2H-phase of M oS 2 as taken from the Materials Project database [23]. Each layer was modelled as a 20×20×1 rectangle supercell. The initial vertical distance between the layers corresponds to the distance in the bulk (6.15 A). A vacuum layer of 30 Å was added to avoid interaction from adjacent layers. All the simulations were carried out in an isothermal-isobaric (NPT) ensemble with the QuantumATK package [24,25]. A reactive force-field (ReaxFF) interatomic potential was set for M o and S to study movements, energetics and forces in M oS 2 [26]. 5000 fs MD simulations were run at 800 °C, 1 bar, and a time step of 1 fs. The analysis of the final results was performed using the Atomistic Simulation Environment (ASE) package [27]. The impact of the high temperature on M oS 2 using simulations was estimated. The equilibrium structures of mono-, bi-and multi-layer M oS 2 after annealing at 800 ℃ at the end of 5000 fs are shown in Fig. 3.20. It is clear that there is a significant corrugation of the layers in the bilayer and monolayer, which almost disappears in the multilayered structure. The variance of the vertical displacements in the Mo atoms is 1.4 Å, 0.87 Å, and 0.44 Å for the mono-, bi-, and multilayers, respectively. These results indicate that the multilayer M oS 2 is reducing the corrugation of the individual layers compared with bilayer M oS 2 . Assuming that the nanotubes form via layer by layer deposition, the highly corrugation of the first single and double layer establish a kind of a kinetic barrier on the growth of multiwall nanotubes. Given the rapid cooling rate of the vaporized M oS 2 , this kinetic barrier can partially explain the preferred occurrence of the double layer tubes in this system.

Motivations underpinning the theoretical simulation

While singlewall carbon nanotubes were the focus of much past research, double-, triple-and multiwall tubes of different kinds are of both basic and applied interest e.g., as telescopic sliders [28] and torsion resonators [29]. The question then arises, why is it important to study doublewall nanotubes of M S 2 (M =M o, W )? Is there any unique behavior one may anticipate for such nanostructures? Partial answers to these questions can be gleaned from the sparse literature on this topic, which comprises mostly theoretical, rather than experimental, analyses.

Zerbetto et al. studied the mechanical and tribological properties of doublewall M oS 2 nanotubes in comparison to doublewall 2H-M oS 2 using MD simulations [30]. Somewhat unsurprisingly and given the fact that the doublewall nanotubes possess an incommensurate structure, they found that the interlayer friction coefficient is one order of magnitude smaller for the nanotube than for 2H-M oS 2 . In another recent study, the flexoelectric effect of M oS 2 doublewall nanotubes was investigated as a function of nanotube diameter [31,32].

Owing to the tunability of the M oS 2 bands and the strain within the layers of the doublewall nanotube, a transition from a type-I to a type-II junction is obtained at a diameter of the outer tube of 3.1 nm. Here, the electron and hole reside in different layers, which is favorable for high-performance photovoltaic devices. Further increasing the diameter yields a clear optimum of the flexoelectric-induced photovoltaic effect at a tube diameter of 5.2 nm, which is 7 times larger than that of the bilayer 2H-M oS 2 .

The optoelectronic properties of doublewall M oS 2 @W S 2 and W S 2 @M oS 2 have been studied in both the zigzag (direct gap) and armchair (indirect gap) configurations [33]. While a type I gap suitable for electricity-to-light conversion was found for M oS 2 @W S 2 doublewall nanotubes, type II behavior suitable for photovoltaic devices was found for W S 2 @M oS 2 tubes. First principles theoretical calculations found that single-to triplewall M S 2 nanotubes are suitable as photocatalysts for water splitting [34]. Recently, a giant bulk photovoltaic effect in the infrared range was calculated for doublewall W S 2 nanotubes, which was attributed to the spatial separation of the positive and negative charge carriers on the two walls of the nanotube [35]. While not inclusive, these few examples demonstrate the utility of having multiwall rather than singlewall TMDC nanotubes.

Nanocones

Carbon nanohorns have been studied extensively in the past [36]. They can contain 1 and up to 5 pentagons (diclinations) in their apex, with the apex angle varying from 112.9°to 19.2°, respectively. Similarly, M oS 2 nanohorns can have one and two squares in their apex.

Unfortunately, in the latter case, line defects and other dislocations induce much more complex structure for the M oS 2 nanohorns, as explained below. Since the contrast is sharper for the multiwall nanohorn and the FFT analysis is clearer, the analysis below was carried out on the multiwall nanohorn. Tilting the nanohorn at different angles (0-40°) shows that its overall shape was preserved. To the right of the multiwall nanohorn, a doublewall nanocone is evident which also conserves its overall shape when tilted. The inner layers of the multiwall nanocone tilted at 20°(b) and 40°(d) seem to end in a sharp tip, while the outer layers fold smoothly with no acute-angle cusps, indicating that the M oS 2 layer can fold to acute angles continuously without being damaged. Fig. 3.22a displays a doublewall nanohorn terminating at an acute angle. The fact that the M oS 2 layer can fold with such a sharp angle continuously is rather surprising and calls for future detailed calculations of such unique structures. The FFT patterns in Fig. 3.21d-f were collected from the mutiwall nanohorn shown in Fig. 3.21a-c, respectively. The nanohorn is placed on the M oS 2 flake and the FFTs in Fig. 3.21d-f consist of the FFTs of the two kinds of M oS 2 morphologies. For reference purposes, the FFT image from the underside of the M oS 2 flake is shown in the inset of the respective images (Fig. 3.21a-c). The FFT pattern of the nanowall (without any tilting-Fig. 3.21a) shows two sets of hexagonal spots which are rotated by 30°with respect to each other. These spots show two-fold rotations and are assigned to the (100) plane. Bragg planes of the M oS 2 nanohorn Furthermore, in Fig. 3.21d a series of (100) spots (hexagonal symmetry) appear to be very different from those of the nanotube as well as the flakes. Instead of a streaked (nanotubes)/sharp (flakes) pattern, a faint but distinguishable series of spots going outwards can be discerned (up to six such distinguishable spots can be counted as indicated by the purple dots, see Fig. 3.21d). This series is the hallmark of the conical shape of the walls, each with a different diameter. The appearance of two sets of (002) planes in the nanohorn is quite interesting and was not seen in the case of nanotubes. The analysis shows that the two pair spots marked by the red ellipse belong to the side walls of the nanohorn and are separated by 30°. The independent FFT analysis of left and right side walls (not shown here) infers that one spot inside the ellipse corresponds to the left-hand walls and the other is diffracted from the right-hand side walls of the nanohorn. These results also confirm that the left and right-hand side walls of the multiwall nanohorn are tilted by 30°with respect to each other. Similarly, the discrete FFT analysis of the apex walls of the nanohorn reveals that the (002) spots marked in the cyan ellipse originate from the apex of the nanohorn, and are perpendicular to the diffraction from the sidewalls. Here too, the (002) spots were split into two due to the twofold rotation in these layers. As the nanohorn is tilted by 20°and 40°(Fig. 3.21e and f), the intensity of (100) spots of the nanohorns diminishes and the (002) planes become quite intense. This effect may be due to the moving of the (100) plane away from the diffraction zone. At 40°tilt (Fig. 3.21f), only two (100) spots in the direction of the cone are visible, along with intense (002) planes. The FFT analysis confirms that the observed nanohorn structure is unique and different from nanotubes and nanoscrolls.

Nanoscrolls

Another generic form of the ablated M oS 2 , i.e. nanoscrolls, is shown in Fig. 3.22b. Seemingly, two edges of the triangular-shaped thin M oS 2 flake started to roll in on themselves, forming nanoscrolls at each of the two edges. This form indicates that the heated thin triangular M oS 2 flake softens and becomes flexible, lowering its scrolling energy. The extra energy gained by the van der Waals interaction between the walls of the nanoscroll grant extra stability to these triangular structures. The rapid cooling rate of the ablated material limited the degree of folding of the nanoscroll edges to a diameter of only a few nm on each side of the M oS 2 triangular sheet.

M oS 2 nanoscrolls have been described in the literature [37,38]. Nonetheless it is equivocal to draw conclusions about the present scrolling process from the previous publications, due to the largely different synthetic conditions. In one report [37], M oS 2 triangles were deposited onto a silica/silicon substrate by conventional CVD (up to 850 °C) and treated with isopropyl alcohol (IPA). The IPA diffused between the substrate (graphite) and the M oS 2 triangles, separating the interface and slightly lifting the M oS 2 monolayer. The adsorbed underlying solvent upset the force balance between the two sides of the triangle, leading to its scrolling. Unexpectedly, the reported M oS 2 nanoscrolls revealed a metallic character. In another work [36], the CVD grown M oS 2 monolayer was treated with argon plasma, which induced a large density of defects (putatively sulfur vacancies). The irradiated film suffered strain and folded spontaneously into nanoscrolls. In contrast to the previous study, no solvent such as IPA was used. [39]. The precise structure of such tetrahedra is yet to be precisely elucidated. Fig. 3.23b displays the 2D projection of a multiwall nanooctahedron made of six rhombi disposed in the vertices of the honeycomb M oS 2 lattice, symmetrically. This nanostructure was discussed quite extensively in the literature, see for example Refs. [40][41][42]. Most remarkably, in agreement with a previous work [42], while the inner M oS 2 walls of this nanooctahedron are made of sharp cusps, the outermost layers accommodate a much more rounded shape. 

Tetrahedron and nanoctahedron

Synthesis

Experimental realization of a panorama of fundamentally small M oS 2 nanostructures, subsuming single-and doublewall nanotubes, nanohorns, nanocones and core-shell M oO 3 @M oS 2 and M oO 3 @M oS 2 nanoparticles, were presented. They were all generated in solar ablation experiments conducted in the Heliotron reactor, where the precursor powder mixture comprised M oS 2 + M oO 3 . Extensive characterization of the products was performed with TEM, STEM, STEM-EDS, XRD, ED, SAED and HAADF. Toward a better understanding of the predominant appearance of doublewall M oS 2 nanotubes and nano-horns, molecular dynamics simulations were conducted. They revealed how the corrugation of M oS 2 layers, which can occur as a consequence of large thermal fluctuations at the high temperatures produced in the solar reactor, favor these nanostructures relative to the bulk material. These calculations explain also the variance in the diameter of the doublewall tubes.

Quantitative overview of the M oS 2 INTs and IFs synthesized

In the preceeding section, a qualitative study of the different nanostructures synthesized was unraveled. To complete this approach, this section is intented to enlarge the previous findings to a more quantitative approach despite the limited characterization results. Similarly, Fig. 3.24 (right) seems to indicate that the larger the nanotubes length is, the larger the nanotube outer diameter may be. This preliminar observation should be seriously nuanced by the fact that some double wall nanotubes were proved to be parts of initial longer nanotubes broken during the sonication process. Therefore the preeceeding observation may be ascribed entirely to the fact that multiwall nanotubes are more resistant to flexion and torsion constraints induced by sonication (see section 2.7 of chapter 2) than the DWNTs and SWNTs. Therefore, we cannot conclude whether a correlation exists between those two parameters. 

Remark

The mean outer size of fullerene-like nanostructures (IFs) was calculated in taking the mean value of two different height/diameter of each polyhedral/spherical fullerene-like nanostructure imaged with TEM.

Selectivity of the solar process within the Heliotron reactor

Similarly to the approach of Zak et al. [16], a parametrical study of the different parameters relative to the operating conditions (solar input, pressure, sweeping flowrates, solid precursor mixing), the reactor configuration (cold finger-to-crucible distance, cold finger tip temperature) and the retrieving within the Heliotron based on the TEM analysis of ∼ 100 M oS 2 INTs and ∼ 110 M oS 2 IFs was carried (section B.5 of appendix B). Despite potential interesting outcomes given by the statistical results, the whole parametrical study revealed to be of poor relevance due to the high standard deviations (>50%) of each measured value (INTs/IFs outer diameter/size, INTs length and INTs/IFs number of layers). In that respect deriving a clear correlation between the operating conditions and the INTs and IFs characteristics is practically not possible.

Several possible explanations justifying the absence of any clear correlation may be provided:

• The sampling frequency of characterized NPs (around one hundred for both INTs and IFs) among the corresponding experiments (∼20) was too small to provide a representative sampling of the whole range of synthesized M oS 2 INTs and IFs, respectively to each experiment conditions set-up.

• The size distribution of synthesized INTs and IFs is large and dispersed compared to the ones produced from conventional methods [16]. Nevertheless narrow NPs size distributions were observed from NPs synthesized from other compounds within the Heliotron reactor [45]. Therefore, the large NPs size distribution observed could not be ascribed solely to CFD (see chapter 4) and maybe also induced by the particular formation mechanism at stake for INTs and IFs implying multiple chemical species and multiple steps (presented in section 3.1).

• Nanostructures (INTs and IFs) were dispersed and buried in agglomerates of large ablated products onto the TEM grid, hindering their proper visualization and limiting the observations to the few isolated nanoparticles.

To elucidate the impact of each parameters on the synthesized products, several approaches may be considered.

• Carry extensive experimental campaigns performed on narrow operating conditions.

→ The experimental campaigns carried out in the framework of this PhD work aimed at reaching a large overview of the solar processes investigated, covering a wide range of operating conditions, which probably not compatible with the precise determination of these correlations. Such time consuming experimental campaigns were avoided.

• Realize extensive and massive characterization of the synthesized powders with SEM & TEM imaging to increase the amount of data available and deduce possible subsequent conclusions.

→ This option was precluded by the lack of time and human resources inherent to PhD.

• Privilege quantitative characterization methods.

→ The quantification of the overall yield of M oS 2 INTs and IFs in the products via SEM and TEM mapping was hindered by the impossibility of ascertaining the hollow character of the observed nanostructures (nanorods vs nanotubes, nanospheres vs fullerene-like nanoparticles).

• Remove large particles from the solution of NPs prepared for TEM imaging (the preparation protocol is described in section 2.5).

→ The solution containing the retrieved NPs should be filtered using a filter tailored for nanosize particles, in order to better sample nanosize particles for TEM imaging.

• Improve NPs dispersion on TEM grids.

→ Solvents, surfactants and stabilizers yet used to enhance the dispersion of other nanoparticle types (e.g. CNTs) [46][47][48][49] should be tested for the dispersion of INTs and IFs.

Perspectives to optimize the solar synthesis of INTs and IFs

In echo to the observations made in the preceeding sections 2.6.1, 2.6.1 and 3.2, several general prospects towards M oS 2 INTs and IFs synthesis optimization may be suggested. With respect to the yield optimization, the possible perspectives are:

For the Heliotron reactor 1. Inject chalcogen vapor in the ablation zone to prevent the stoichiometric imbalance.

2. Add in right proportion (i.e. 1:3) M oO 2 to M oO 3 in the ablated mixture to enhance the formation of M o 4 O 11 nanowhiskers [50,51], which subsequently could be sulfidized into nanotubes.

3. Add of corrective elements such as metallic catalyst, e.g., early transition metals (Co, N i, M n), soft metals (P b, Bi) or coinage metals (Au, P t, P d).

For the Cavity reactor 1. Implement a finer control of the amount of injected sulphur powder to avoid the overreduction of M o 4 O 11 nanowhiskers.

2. Design a novel solution to inject regularly and precisely sulphur powder into the cavity, critical for the reliability of the process.

3. Design a dedicated porous cell instead of a simple ring of alumina fibers tight against the crucible to favor an homogeneous diffusion of the feeding gases.

Regarding the selectivity optimization of nanostructures produced, others specific perspectives should be considered for further investigations.

1. Improve the homogeneity of the solid precursor to favor an homogeneous growth of M oO 3-x /W O 3-x nanowhiskers/nanoclusters as they form the keystep in monitoring the final size of NPs [16].

2. Privilege the use of the Heliotron reactor for the synthesis of M oS 2 DWNTs and SWNTs, the conditions produced (high temperatures, far-from-equilibrium environment) being shown to favor these specific structures (see section 3.2).

3. Improve and investigate the solar process of the Cavity reactor as it allows to create more homogeneous and more monitored conditions than its counterpart, the Heliotron reactor, potentially offering a more precise tunability of INTs and IFs synthesized.

Conclusions

By processing the characterization results of the synthesized powders (focused on M oS 2 ), certain key observations were pointed out.

1. The formation mechanisms of INTs and IFs implying intermediate suboxide as templating structures was validated through TEM imaging, HAADF analysis and STEM-EDS analysis. The assumption of thermoexfoliation of bulk M oS 2 for the formation mechanism of INTs and IFs was invalidated in both reactors.

2. The Heliotron solar reactor environment appears to create a unique high-temperature, far-from-equilibrium environment conducive to the formation of the assortment of M oS 2 nanoparticles that have proven elusive and unique. Molecular dynamics simulations revealed that corrugation of M oS 2 layers, which can occur as a consequence of large thermal fluctuations at the high temperatures produced in the solar reactor, may favor these nanostructures relative to the bulk material. These calculations explain also the variance in the diameter of the doublewall tubes. The presence of M oO 3 in the precursor mixture appears to be crucial (e.g., Eq. ( 1)) along with an apparent catalytic value that helps to overcome substantial kinetic barriers, such that the products and their frequency of occurrence better reflect thermodynamic stability criteria.

3. The yield and selectivity of such solar process are yet to be improved to be considered as reliable. Several perspectives were proposed in that way such as improving the solid precursor homogeneity and composition, better monitoring the sulfidization and better controlling the feeding gas diffusion with solid precursor.

Chapter 4

Flow characterization within the Heliotron solar reactor

Introduction

From the fundamental viewpoint, understanding the complex links between flow pattern, heat and mass transfer and chemical reaction is of high interest in order to control the process and for process scaling up. For example, the chemical composition, structure and size of nanomaterials produced by vaporization and quenching process are governed by the thermal history of vaporized chemical species within the flow [1]. As the fluid dynamics is directly influencing the growth and nucleation process of nanoparticles within the vapor phase, it becomes crucial to characterize the flow patterns and the associated thermal effects in those reactors to increase the yield, check the scalability [2,3], and control the structure, the particle size and particle size distribution of nanoparticles [4][5][6][7][8].

Two main approaches are widely used to improve the knowledge on the processes that govern the synthesis processes, flow visualization and CFD modelling.

Several flow visualization techniques are reported to characterize flow within nanomaterial/thin film reactor, the Particle Imaging Velocimetry (PIV) is commonly used both for CVD reactors [9][10][11][12][13], solar reactors [14,15] and nanoprecipitation-reactors [16][17][18]. Additionally to PIV, smoke flow visualization [19,20] eventually combined with laser-sheet techniques [21][22][23][24][25] and Laser Doppler Anemometry [23] is also used for characterizing CVD reactors. More rarely, other techniques such as Laser-Induced Fluorescence for nanoprecipitation-reactors [26] and in-situ visualization at high temperatures in solar reactor [27] are also disclosed with valuable results.

Concerning the numerical approaches, numerous CFD simulations were reported for nanomaterial synthesis reactor such as CVD reactors [28][29][30][31][32][33], PVD reactors [7,8,34], aerosol reactor [4][5][6]35], quenching device [36] and solar reactor [37,38] for multiple application fields of nanomaterial synthesis. The target of such CFD simulations are diverse, it could be devoted to map the temperature in the reactor [34-36, 38, 39], to understand the mechanisms of growth and deposition of nanoparticles/crystal [3,40,41], or to optimize the nanomaterial synthesis [4,6,7,42], or even to be used prior to design the nanomaterial reactor itself [28].

Although many studies on solar synthesis of nanomaterials have been reported, research works on flow visualization and CFD simulation are very scarce. Gas flow in the vicinity of a solar reactor window was analyzed experimentally in [27] in order to avoid dust deposition and CFD modeling of a pilot-scale solar reactor for carbon nanotube synthesis was proposed in [37]. To our knowledge, a complete study including flow visualization, CFD modeling and a comparison of both results was never published.

In this context, this chapter is dedicated to better understanding the different configurations of flows encountered in a solar reactor for nanomaterial synthesis named "Heliotron" and its impact on the parameters that govern the formation of nanomaterials. The strategy envisioned was to carry both flow visualization and a comparative numerical study to provide a comprehensive and consistent approach to characterize the flow patterns in the reactor.

An innovative experimental method to visualize flow pattern in the reactor was developed. A fog of glycol-based liquid was injected into the reactor. A system was developed to deliver the aerosol tracer from a fog machine (Hazebase*highpower) to the reactor at atmospheric pressure for the purpose of visualization. The aerosol tracer trajectories were illuminated by a laser sheet generated from a low power (15 mW) He-Ne laser and imaged by a fast camera. Two-dimensional numerical simulations using computational fluid dynamics (CFD) were carried out in order to be compared to the flow patterns observed experimentally. The validation of the isothermal modeling by this comparison enables a consistent use of that model including thermal transfers by adding the energy equation to the model. Hence, anisothermal simulations were runned and processed to offer a better comprehension of the flow dynamic induced by solar ablation including heat transfers.

Experimental set-up 4.2.1 The flow visualization experimental set-up and operating procedure

In order to reproduce properly the jet of vaporized species produced by the solar irradiation, seeded gas is injected in place of the crucible through the Ø8 mm nozzle of the sample holder. This sample holder depicted in Fig. 4.1 was designed to reproduce accurately the geometry of the crucible and the Heliotron sample holder in one part. The outer tube of the sample holder is set around the nozzle at a distance 1 mm, creating an annular slot from which the sweeping gas is injected. In that way, the velocity-inlet boundary conditions set in the numerical simulations (Fig. 4.1) were similarly replicated on the experimental set-up of flow visualization. For simplicity the air was chosen as the used gas for particle transport inside the reactor. Notice that physical properties of air are close to the ones of argon. The volumetric flow rates of the injected air in all experiments was set constant to different ranges corresponding to targeted inlet velocities. A filter was set at the highspeed camera (U1000 PROMON, AOS Technologies AG) to capture only the laser diffusion of particules at λ = 632.8 nm. Table 4.1 lists the main parameters of the camera.

The particle seeding is prepared in the heated air buffer capacity where the argon and the glycol water suspension are premixed before being injected in the Heliotron reactor (Fig. 4.2).

In the experiments, it is assumed that the particle seeding is sufficiently dilute to such an extent that particle-particle interactions and the effects of the particle volume fraction on the gas phase within the reactor are negligible.

In order to inject instantly and accurately the desired gas flowrate within the reactor, a system of mass flowmeter followed by solenoid 2-way valve is implemented. Before the injection start, the desired flowrate is bypassed outside. At the injection start, the 2-way solenoid valve switch the selected flowrate into the reactor and/or the air buffer capacity. For each flow visualization experiment, five steps are always followed to ensure a proper visualization with precise operating conditions. 

Solar reactor configuration

The solar reactor is modeled in 2D-planar geometry due to computational cost. The 2D cut of the Heliotron reactor is taken at its revolution axis as the reference geometry of the mesh. The reactor geometry is represented as unstructured triangular/tetrahedral meshes containing about 1.6×10 4 nodes. Mesh with lower elements size have been tested, and the numerical results obtained were similar, confirming that the present mesh with an element size of 2 mm is sufficiently refined (see section C.1 in appendix C). The grid arrangements is exhibited in Fig. 4.3. The mesh has been refined on each wall and particularly at the focal zone surroundings.

In fact, the presence of high flow velocities within the reactor creates high shear stress/velocity gradients at the jet zone and near the walls, resulting in locally perturbations and sharp variation of thermodynamics parameters (pressure, temperature). Simulating precisely the whole flow requires to apply refinement on those particular zones and capture locally the specific flow dynamics at stake. Mesh refinements are especially required to simulate the flow at the vicinity of the walls where the viscous layer occurs, without the use of a wall-law. Numerically, it means that the dimensionless wall distance y + should not exceed five to solve properly the Navier-stokes equations at the vicinity of the wall. In CFD simulations, y + = (u τ y)/ν corresponds to the dimensionless height of the first cell at the wall, where y is the cell height, u τ the friction velocity and ν the kinematic viscosity. The present mesh has fulfilled this condition for simulations with jet inlet-velocity reaching up to 30 m/s. As for the geometry, the mesh frontiers represent similarly the sample holder at the bottom center, the balloon at the lateral edges and the cold finger at the top center. Few segments of the geometry are set to assign velocities inlet at the level of the sample holder and also the pressure gradient for the outlet at the top between the balloon and the cold finger. In that respect, the inner space of the reactor is precisely the simulated area. Additionally, others segments were set within the interior field for plotting of physical variables against the position on the segment line (abscissa axis) until dedicated wall zones of possible particle deposition. 

Boundary conditions and modeling

To model the phenomena in the solar reactor two fixed velocity-inlet are set, one for the jet and the other for the injection of inert gas. The pressure gradient is considered null at the outlet (gauge pressure = 0). All the walls of the reactor are modeled by a non-slip wall condition. For isothermal simulations the jet temperature is assumed equal to 300 K (ambient temperature, as in flow visualization experiments for comparison) and for anisothermal simulations the jet temperature is set to 1500 K as an average vaporization temperature of M oS 2 for pressure range 100 -10 5 Pa [43]. The boundary conditions are summarized in Fig. 4.4. The wall temperature and the inert-gas injected temperature is fixed to 300 K (ambient temperature). The thermal flux along z-axis is considered constant at the outlet of the flow within the reactor. The inner atmosphere of the solar reactor is considered to be only composed of argon. The vaporized species from the irradiated zone are diluted in argon and considered as negligible in terms of impact on the overall viscosity, density, specific heat and thermal conductivity of the mixture of gas within the solar reactor. Consequently, the flow coming out from the irradiated zone is exclusively modeled with gaseous argon (dilute gas hypothesis).

In agreement with the experimental observations made on solar ablation of T iO 2 , ZnO and M oS 2 [44][45][46], the outgassing coming out from the irradiated zone is modeled by a velocityinlet of argon in the reactor with a continuous velocity front. The value of the velocity-inlet is tuned relatively to the respective evaporation velocities/speeds of each material irradiated.

Considering that the sound speed in argon at 300 K equals 319 m/s and that no any shockwaves were observed in the previous solar experiments, the range 0.1-30 m/s of the jet inlet-velocity magnitude is intended to be sufficiently wide to cover most of the different set of configurations encountered experimentally in solar ablation of material within the Heliotron.

Governing equations and hypotheses

The set of equation that governs for the gas phase phase flow is described by continuity, momentum and energy equations. The compressible flow formulation was used due to the large variations of density induced by high temperature gradients. The injected gas (argon) is assumed to follow the ideal gas law. The numerical analysis implemented to solve the governing equations is based on the finite elements formulations. The calculation of Navier-Stokes conservation equations for compressible flow on each nodes of the mesh are carried with the software Fluent®.

The compressible Navier-Stokes equations may be written as

                                       ∂ρ ∂t + ∇ • (ρu) = 0 (Continuity) ∂(ρu) ∂t + ∇ • ρu ⊗ u -µ ∇ ⊗ u + (∇ ⊗ u) T - 2 3 (∇ • u)I + ∇p = f (M omentum) ∂E ∂t + ∇ • (E + p)u -µ ∇ ⊗ u + (∇ ⊗ u) T - 2 3 (∇ • u)I • u -k∇T = f • u (Energy) (4.1)
where u is the velocity vector, I is the unit tensor, and E = ρ e + 1 2 u • u is the total energy per unit volume

In order to simulate acutely the flow produced by vaporization of the different chemical species, the temperature dependence of each physical parameters namely, the density ρ, the specific heat Cp, the thermal conductivity k and the viscosity ν of argon is implemented in the computations.

Density

As the pressure does not exceed 1 bar, the ideal gas law can be used to calculate the density of argon for a given pressure and temperature.

ρ = M Ar P in RT (4.2)

Specific Heat

The temperature dependence of argon specific heat is calculated with a polynomial function reported by Chase [47].

   Cp o = A + B.t + C.t 2 + D.t 3 + E/t 2 t = T 1000 (4.3)

Thermal conductivity

The temperature dependence of the thermal conductivity of argon is described by the correlation of Chen et al. [48]. This correlation is a polynomial function of temperature, valid in the 300-2500 K temperature range, and is implemented in the computations. The uncertainties of such correlation is estimated to ±1.5% for the temperature range 350-2500 K.

k argon (T ) = 1000 × (5.465 + 0.04729 T -0.1111 T 2 + 0.1599.10 -8 T 3 ) (4.4)

Viscosity

The temperature dependence of the viscosity of argon is calculated according to Sutherland's law [49]. The solution of the momentum and energy equations is approximated by second order upwind differencing scheme to minimize numerical diffusion. The pressure velocity coupling is conducted using the semi-implicit method for Pressure linked Equations (SIMPLE) algorithm [53].

µ(T ) ≈ µ(T ref ) T 3/2 T ref T ref + S T + S ( 4 
Two turbulence models are considered, the Renormalization group (RNG) model and the Reynolds stress model (RSM). The well-known RNG model developed from Yakhot et al. methods [54,55] takes into account the effects of smaller scales of motion and relies on the assumption that the turbulent viscosity is isotropic. In contrast, the Reynolds Stress model [56,57] avoid the isotropic turbulent-viscosity hypothesis and computes directly the individual components of the Reynolds stress tensor meaning that five more additional equations are required for 2D-flows. Hence, the RSM is considered as a more accurate model in terms of simulation although more costly in computations. From V jet = 0.1 m/s to V jet = 0.7 m/s the laminar jet flow goes straight up and by reaching the cold finger forms vortexes under the cold finger. Those vortexes tend to widen themselves as the jet velocity increases. The general flow is laminar, the vortexes are lasting over the recording time of visualization. From V jet = 0.8 m/s to V jet = 1 m/s, the jet flow remains laminar until the cold finger, the jet rebound evolves to a transitional regime in which the jet rebound from the cold finger oscillates to the top lateral side of the balloon testifying of significant perturbations induced by the obstacle encountered. The vortexes break themselves in oscillating transient flow along the lateral reactor wall. From V jet = 1.5 m/s to V jet = 10 m/s, the laminar length of the jet reaches the cold finger up to V jet = 5 m/s (Re jet ∼ 2200) in agreement with the observations made on free round non-buoyant jet [58][59][60]. At V jet = 10 m/s, the jet flow is definitely turbulent as illustrated by the splayed shape of the jet just after the orifice. The jet rebound of the flow is definitively in unsteady turbulent regime right from 1m/s as depicted by the high shear stress region between the jet rebound and the surrounding flow and the eddies formed. The jet rebound separates itself in two distinct recirculation zones at the level of the wall. One small recirculation zone at the top with high velocity gradients, the flow goes up to the outlet, a part of this flow recirculates along the cold finger before joining the jet rebound flow. The other lateral recirculation below is larger, it covers the whole lateral side of the balloon with lower flow velocities and it leaves the balloon wall to the sample holder, and it joins the jet lateral side. One can note that the separation point of both recirculation zones remains the same and do not change with jet velocity magnitude.

Experimental and numerical results

Experimental results

Jet flow only

The same configuration is visualized with jet velocities from 0.1 m/s to 10 m/s for the case 2 (see appendix Fig. C.3). As a reminder, note that case 2 corresponds to the situation where seeding is started after 3 min of air injection. The time indicated on the left corresponds to the time after the seeding starting.

The observations made for this case are in accordance with the ones made for the case 1 above excepting for jet velocities 0.4 m/s < V jet < 0.7 m/s, in which vortexes are no longer lasting, giving way to an unsteady/transient laminar regime where the flow rebound moves in direction to the wall balloon and oscillates up and down. Crossing both cases confirms that the vortexes observed under the cold finger are laminar and steady for 0.1 m/s < V jet < 0.3 m/s. The transitional regime where the vortexes formed at the beginning breaks to lead the flow to an unsteady/transient laminar regime is finally extended to the velocity range 0.4 m/s < V jet < 0.9 m/s. Beyond V jet = 1 m/s, the flow rebound of the cold finger becomes more and more turbulent leading to an unsteady turbulent regime.

Jet flow and sweeping flow

Fig. 4.6 presents snapshots of the flow field within the reactor for jet-velocities from 0.2 m/s to 10 m/s. The time on the left corresponds to the seeding starting after 3 min of gas injection. In this case the seeding is made from the sweeping flow for low jet velocities for practical matters.

The flow patterns are radically changed by the addition of the sweeping flow injected around the jet flow through the annular slot. In aggreement with Koller et al. [58] work on free jet from dual-hole nozzle, it is found that injecting two flows side by side from two different channel tends to increase the shear stress, triggering turbulence earlier, henceforth diminishing the critical Reynolds number. In this case, it results in reducing maximum velocity reached for the jet laminar length until the cold finger down to 3 m/s, and the absence of laminar steady and transient regime of the jet rebound from V jet = 0.1 m/s. From V jet = 0.2 m/s to V jet = 0.8 m/s, two recirculation zones are visible. One small at the top localized between the cold finger, the outlet, the top lateral side of the balloon and the jet rebound. The other one below larger that covers most of the lateral inner reactor zone. Both recirculation zones have same order of magnitude of flow velocities. As exhibited on the snapshots, the jet flow is engulfed by the sweeping flow, the flow field within the reactor is mainly driven by this latter. In this respect the flow patterns observed are nearly identical to those observed without the injection of the jet flow for the velocity range 0.5-5 m/s (see appendix From V jet = 1 m/s to V jet = 3 m/s, the presence of two recirculation zones is still demonstrated. The width of the jet rebound tends to reduce with the increase of the jet velocity, testifying of higher velocity gradients. Similarly, the jet flow velocity magnitude increase tends to bring down the separation point of both recirculation zones, i.e. broadening the top recirculation zone aside the cold finger. Hence, both injected flows compete together to determine the area of each recirculation zone. The balance of power changes progressively, both the jet flow and the sweeping contributes to determine the general flow field.

From V jet = 5 m/s to V jet = 10 m/s, the whole flow field is turbulent and unsteady. The fast spreading of the seeded flow within the whole reactor in few seconds attests that the overall turbulent kinetic energy has increased significantly. For this range of velocity the flow patterns are qualitatively the same that those observed without injection of sweeping flow. Thereby, the overall flow is mostly driven by the jet flow.

The same configuration is visualized with jet velocities from 0.5 m/s to 10 m/s for case 1 on Fig. 

Numerical results

Parametric simulations -Isothermal case

Many parameters were tested in the numerical simulations, and their setting have an impact on the flow patterns. Some of them are purely numerical, and are investigated to explore a wide range of working conditions, while others correspond to different experimental conditions. In order to visualize and evaluate their impact, one parameter is modified in each simulation test while all the others are kept constant with respect to the default configuration. The inletvelocity of sweeping gas is set to 1.48 m/s for each simulation.

Simulation of the flow at the wall

The flow behaviour is modeled at the vicinity of the wall, using two methods. One is the setting of a wall-law (wall treatment) which uses different equations to calculate the physical quantities of the flow near the wall. The second approach consists to solve the Navier-Stokes equations until the wall. Given the mesh convergence results (see section C.1 in appendix C) and the value of y + obtained, the present mesh is sufficiently refined to perform such resolution/calculations. The model applied is the Renormalization Group (RNG) model.

The velocity pathlines of the flow inside the reactor for both approaches are exhibited in Fig. 4.8. The jet flow goes up to the cold finger, then it rebounds to the top lateral side of the balloon wall and it separates itself into two recirculation zones: one small located between the flow outlet, the cold finger and the upper side of the jet rebound, and another larger one that covers the lateral side of the balloon, the sample holder and the side of the jet flow and the bottom side of the jet rebound.

For both simulation, it is clear that the velocity pathlines differ in terms of velocity gradients at the level of each wall region such as the balloon, the sample holder and the cold finger. Without wall treatment, the flow velocity decreases from the flow near the wall to the recirculation zone center is notably smoother than the one observed without wall treatment. This wall treatment reduces/softens artificially the effect of the reactor geometry on the flow near wall regions. For instance, one may consider for the simulations without wall-law the presence of depressions at the corners of each recirculation zone induced by the wall geometry, and its absence when the wall treatment is used. Hence the results given by solving the Navier-Stokes equations until the wall gives more accurate results than the ones given by a wall law. Therefore, for the next parametric studies, the simulation were exclusively run without wall-law.

Turbulence model

Given the anisotropy of the flow patterns within the solar reactor, the comparison of the Renormalization group (RNG) model with the Reynolds stress model (RSM) is relevant to ensure whether the results found with the RNG model (less costly in computations) are consistent. Fig. 4.9 compares velocity pathlines and contours between two turbulence models, RSM and the RNG model. The jet velocity is 30 m/s and the sweeping velocity is 1.48 m/s as usually.

In terms of pathlines trajectories within the reactor, the differences of pathlines trajectories within the reactor are minor/negligible: both models indicates the presence of two recirculation zones, one at the top side of the balloon and the other one along the lateral side of the balloon. One can still remark that the depressions at the corners of each recirculation zones are slightly less marked/pronounced for the RSM. In terms of velocity contours, the magnitude of velocity fields in the recirculation zones seem slightly lower for the RSM. In general terms, the main flow patterns observed are not impacted by the model used, and were found similar for both the RSM and the RNG model. For the next numerical results presented, the RNG model is retained as a sufficiently consistent and a computationally cost effective model.

Inlet jet velocity impact

This study focuses on the different flow regimes observed for different jet velocities. In Fig. 4.10, the velocity pathlines and contours are exhibited for the jet velocities [0.1,3,10,30] m/s and a common identical sweeping velocity of 1.48 m/s. The corresponding contours of turbulent kinetic energy (TKE) and turbulent intensity are presented in Fig. 4.11 and 4.12.

For V jet = 0.1 m/s, the flow within the reactor is mainly driven by the sweeping flow. Unlike for higher jet velocities the recirculation at the top is nearly absent, only the oval shaped lateral recirculation zone is observed. The velocity front of the recirculated flow is notably flat and wide with an average velocity around 0.1 m/s. The incoming sweeping flow goes up, skims the cold finger lateral edge and separates itself into two flows, one being recirculated along the lateral balloon wall, and the other being evacuated up at the outlet. The turbulent kinetic energy and turbulent intensity are negligible for this jet velocity magnitude. At V jet = 3 m/s, the flow patterns change, a second recirculation zone appears between the cold finger, the top side of the balloon and the upper side of the jet rebound, indicating that a part of the flow that goes to the outlet is recirculated. Compared to V jet = 0.1 m/s, depression zones appear in both recirculation zones owing to higher velocity gradients, highlighting the effect of the reactor wall geometry on the flow pattern. One can also note that the separation point on the wall of both recirculation zones slightly moved down, ascertaining that the jet flow is competing with the sweeping flow to generate this second upper recirculation zone. The turbulent intensity and the turbulent kinetic energy are increasing significantly at the vicinity of the jet and at the bottom of the cold finger, indicating the presence of turbulence in the jet wake.

For V jet = 10 m/s and 30 m/s, the recirculation zones are more active and the turbulence intensity significantly more developed in those regions, owing to higher velocity gradients. The trajectories of both jet-velocity pathlines are very similar, excepting the lateral recirculation that is more extended to the bottom for V jet = 30 m/s. The most turbulent regions are located at the level of the jet, the bottom of the cold finger, the jet rebound and the upper recirculation zone. Beyond 10 m/s, the flow is completely driven by the jet which comes out nozzle, the contribution of the sweeping flow being negligible.

Effect of pressure

The velocity pathlines and contours for P in = 1 mbar and P in = 1 bar when V jet = 30 m/s and V sweeping = 1.48 m/s are described in Fig. 4.13.

The primary vacuum (1 mbar) has multiple effect on the velocity pathlines. The flow goes up, bypass the cold finger and mainly progress to the outlet while a small part is being recirculated to the slow lateral recirculation zone, indicating that the flow is more directly evacuated. The upper recirculation zone observed for P in = 1 bar is absent for P in = 1 mbar. The point of separation between the evacuated flow and the recirculated one is the same as the one separating the two recirculation zones present for P in = 1 bar. The center of the lateral recirculation zone is closer to the jet rake and upper in the lateral balloon area for the low inner pressure (P in = 1 mbar). In terms of contour, the jet velocity front is splayed, V-shaped, with an aperture angle explaining why the velocity gradients are in average lower in the jet surrounding compared to P in = 1 bar. The contribution of the sweeping flow is negligible for this jet velocity magnitude at both inner pressure.

Aside the jet velocity, the inner pressure is the second parameter which impacts substantially the flow within the Heliotron reactor. visualization snapshots corresponding to the same jet velocity and sweeping velocity, in the case 2 (t injection = 0 s and t seeding = 3 min) is compared in the three first rows. Below the same comparison is made for 10 m/s in case 1 (t injection = t seeding = 0 s ). The evolution of velocity pathlines for V jet = 0.5 m/s and V sweeping = 0 m/s together with the flow visualization snapshots associated, is compared in the last row for case 1 (t injection = t seeding = 0 s).

With wall treatment Without wall treatment

Comparisons of flow visualization with simulation and validation of simulations

From the first comparison at V jet = 0.1 m/s, the snapshots show that the seeded flow joins the jet rake, skims the cold finger before reaching the top side of the wall balloon and separating itself into two flows, one being recirculated along the lateral balloon side wall, and one another going to the outlet, or being recirculated in the upper recirculation zone.

It is noticeable that the seeded flow recirculating laterally is similarly thick in width to the simulated velocity pathlines. All in all, the simulated flow patterns reproduce accurately the visualized ones excepting the upper recirculation, nearly absent in the visualization. This discrepancy could be explained by a mildly biased 3D centering of the cold finger. Additionally, the center of the lateral recirculation seems to be located lower in height in the simulated pathlines compared to the qualitatively observed one.

For V jet = 1 m/s, the visualized flow patterns evolved at the level of the separation point of both recirculation zones which has moved slightly down, widening the upper recirculation zone covering. This phenomena is also observed on the simulated flow. The seeded flow recirculating laterally is thinner in width attesting of higher velocity gradients, which is also reproduced properly in the simulation. As previously the simulated pathlines correspond precisely to the observed one at the exception of the simulated upper recirculation zone that is notably smaller in size compared to the experimentally visualized.

Concerning higher velocities such as V jet = 3 m/s and V jet = 10 m/s, the separation point of both recirculation zones continues to move down at the same location for both the visualization and the simulated pathlines. Unlike preceeding comparisons, the upper recirculation zone is properly reproduced by the simulation, with the size corresponding to the experiment. One can also remark the transition of the jet shape from a straight rake to a V-shaped jet between V jet = 3 m/s and V jet = 10 m/s confirming that the critical Reynolds number of the jet is exceeded for V jet = 10 m/s, and that turbulence is more rapidly mixing the jet seeded flow with the surrounding one. This observation is portrayed by simulation results on the turbulent kinetic energy and turbulent intensity contours depicted in Fig. 4.11 and Fig. 4.12 by the substantial increase of those turbulent quantities to a significant level from 3 m/s to 10 m/s.

A last comparison is made for the dynamic case where the seeded jet flow only is injected at the velocity V jet = 0.5 m/s at t = 0 s. The snapshots depicted are following the jet progression until the cold finger. Visualization shows that the jet reaches the cold finger lateral edge at t = 0.4 s. The pathlines below the snapshots are corresponding to the same time of injection. One may consider that the jet velocity front coloured in blue-green on the pathlines velocity contour is following noticeably the path of the experimentally observed jet flow progression. In that respect, the accuracy of the simulated flow field is confirmed at the very first moments of the jet flow progression within the reactor.

Summarizing the different comparisons made, it is concluded that the numerical simulations have reproduced satisfactorily the flow patterns observed experimentally through the whole range of velocities investigated and especially for the velocity range 3-10 m/s. 

Anisothermal case

In the preceeding simulation results, the thermal transfers were not taken into account and the whole system was at ambient temperature. As the simulations without thermal transfers were validated by the comparison with the flow visualization experiments, the same modeling including thermal transfers is used to obtain a reliable predicted simulated flow field. In this case the energy equation is coupled with the Navier-Stokes equations. This configuration is supposed to better reproduce the real flow induced by solar ablation during nanomaterial synthesis. The temperature of injected gas is set to 1500 K, and the temperature of the wall of the reactor is fixed to 300 K. The temperature gradient is assumed null at the outlet. The inlet-velocity of the jet is set to 30 m/s and the velocity of the sweeping gas is set to 1.48 m/s. The interior of the reactor is at atmospheric pressure. The velocity pathlines, the temperature contours, the turbulent kinetic energy and the turbulent intensity contours are shown in Fig. 4.15.

Considering the velocity pathlines (Fig. 4.15 (top left)), the flow patterns consisting of a jet flow going up, rebounding on the cold finger, reaching the top side of the balloon wall and splitting itself into two recirculation zones is also observed as without thermal transfers (Fig. 4.10 (bottom right)). Hence, the natural convection flow induced by the jet temperature is negligible in comparison to the jet inlet flow driving force. In contrast to velocity pathlines, the velocity magnitude varies with the integration of thermal transfers (Fig. 4.15 (top left)) when compared to the isothermal case (Fig. 4.10 (bottom right)), modifying the general flow. Indeed, the jet temperature has an impact on the flow through the density gradients that involves temperature gradients. As the flow cools down until the evacuation or the cold regions, its density increases, generating pressure gradients within the reactor which diminishes the velocity magnitude of the on-going cooling flow by conservation of the mass flow rate. The effect of this phenomena is similar to the one of pressure depicted in Fig. 4.13, and is particularly visible at the level of the jet rake. As for the temperature fields itself, it follows the pathlines of the jet flow, the more the flow moves away from the hot zone, the more it cools down. Therefore the warmest zone are localized within the jet rake, the jet rebound and the upper recirculation zone, and the coldest regions are situated on the lateral zones and bottom zones of the reactor with the sample holder. One may consider that the obstacle formed by the cold finger reduces brutally by 250 K the temperature of the jet flow owing to high convection cooling at this region where sharp velocity gradients are at stake. The high shear stress zones surrounding the jet are also cooling noticeably the jet flow on its sides. Note that the highest quenching temperature (1300 K) is reached at the bottom center of the cold finger.

The turbulence behaviour of the flow is also impacted by the temperature of the jet which implies high temperature gradients, and consequently high density gradients, leading to flow instabilities. One may see the marked turbulent zone at the lateral side of the very beginning of the jet which was absent without thermal transfers. The turbulent kinetic energy created in this zone is advected within the jet rake as testified by the highly turbulent region at the end of the jet, against the cold finger, and the beginning of the jet rebound. After reaching the top balloon wall side, it appears that the density increases due to cooling, which results in the decay of the recirculating velocities, and finally counterbalances the perturbating effects of thermal gradients. This particular phenomena is shown by the poorly turbulent kinetic energy and turbulent intensity fields in the recirculation areas (Fig. 4.15 (bottom)) compared to the preceeding isothermal numerical results (Fig. 4.11 (bottom right) and Fig. 4.12 (bottom right)). than two orders of magnitude. The same regime is observed (i.e. t residence ∝ 1/V jet ) since 0.1 m/s for the residence time until the bottom of the cold finger.

The quenching temperature in each reactor zone follows similar evolutions. From 0.1 m/s to 1 m/s, the quenching temperature at the sample holder, the balloon wall and the cold finger side increases slowly while it progresses sharply and continuously with jet inlet-velocity from 1 m/s to 100 m/s. Unlike the other zones, the increasing of quenching temperature until the bottom center of the cold finger with the jet-velocity is steeper from 0.1 m/s to 1 m/s than from 1 m/s to 100 m/s. This exception is explained by the fact that from 0.1 m/s to 1 m/s, the jet flow is engulfed by the sweeping flow, and is therefore more constrained to stick the cold finger edge rather than just rebounding on it. Furthermore, the jet velocity impacts also the whole temperature profile until the wall temperature as pointed by Fig. 4.16. The general observation is that the sharpness of the quenching temperature threshold increases with the jet velocity.

From both graphs, and in the present configuration of boundary condition adopted, one deduces that for one given jet inlet-velocity within the range 0.1-100 m/s corresponds a residence time and a quenching temperature for the dedicated reactor zone. As it was observed for synthesis methods implying vaporization and quenching/condensation process (e.g. CVD [2,42,61,62], PECVD [3], PVD [7,8,34], aerosol process [4][5][6] and solar process [46,[63][64][65]), the residence time and the quenching temperature influence multiple characteristics of the synthesized particles. Namely their size, their type, and the amount of those particles, which are deposited at the different retrieving zones of respective nanomaterial reactors. The present work constitutes a basis to define which are the conducive experimental orientations/conditions to synthesize nanoparticles from a nanomaterial reactor involving a vaporization and quenching process similar to the one operating in the Heliotron reactor. In such kind of nanomaterial reactors, the residence time and the quenching temperature of vaporized species can be tuned accordingly by modifying the operating conditions (injected gas velocity, reactor inner pressure) to target a specific thermal history along the path of vaporized species until the desired condensing/retrieving zone.

V jet =1 m/s V jet =10 m/s

Discussion

General discussion

In the Heliotron reactor, nanostructures of different materials have been synthesized [44][45][46][63][64][65] and two main growth processes have been identified. The first process is the in-flight nucleation and growth of the vaporized species in the vapor plume followed by the quenching on the condensation zone that stops the growth [66,67]. The second process is more complex, in which intermediate templating structures are formed that promote in-flight nanoparticle growth with the surrounding vaporized species before being deposited and continuing their growth depending on the substrate temperature (maturation temperature) [1,68]. With respect to the previous growth mechanisms, three zones of this reactor are critical for the nanomaterials final physical and chemical structures, 1) the irradiation zone where the solid precursor is vaporized, 2) the vapor plume where vaporized species experience an in-flight thermal cooling 3) the deposition zones where the vaporized species condense and grow, in process 2. For the first growth process (nucleation and growth in the plume), the thermal history of the chemical species and the concentration of vaporized species in the plume will determine the size and the type of nanostructures. For instance, the particles collected on the cold finger located in front of the irradiation zone will be smaller and more uniform in size than the ones collected on the balloon walls or on the filter for V jet > 0.6 m/s. Obviously, the residence time of the species in the gas phase is smaller in the former situation than in the latter and the concentration is higher all along the trajectory from the irradiation zone to the cold finger thus producing a fast quenching that stops the particle growth. Contrarily, the injection of the sweeping gas results in a large dilution of the chemical species and in a drastic increase of the residence time of the species that experience a deposition on the wall and the filter thus affecting the nanoparticle mean size and size distribution. The operation conditions clearly drive the previous processes. A high velocity and concentration vaporization plume (modeled in this chapter by a jet) resulting from a high flux density on the irradiation zone will favor the formation of small and narrow size distribution particles on the cold finger. This situation corresponds to a "jet dominant" process. Conversely, the sweeping gas rapidly destabilizes a low velocity plume and dilutes the reactive species thus resulting in a large spectrum of thermal history of chemical species and, consequently, of nanoparticle characteristics. The mixing of the species is favored by a turbulent flow. This situation corresponds to a "dispersion dominant" process. Both jet dominant and dispersion dominant processes are governed by the fluid flow regimes described previously. For the second process, the growth mechanism is generally governed by the temperature of the substrate on which the templating structures grow. This situation corresponds to a "gassolid reaction" or a "gas-liquid reaction" dominant process. Consequently, the control of the deposition wall temperature is a key point to drive the nanomaterial synthesis. In any case, the fluid flow and heat and mass transfer model must be combined with a particle growth mechanism and kinetics in order to describe the complete nanoparticle formation process. If the experimental conditions leading to the formation of a given type of nanostructure are understood, then an optimization of the process conditions based upon the flow visualization results described above may favor an increased process yield, as well as the ability to moderate the selectivity among the variety of nanostructures generated. It is the paucity of such quantitative investigations that prompted this study, namely, to take an important step in placing the understanding and predictability of nanomaterial synthesis by solar ablation on a more rigorous, and less heuristic, basis. Both the solar intensity and the inner pressure should be modulated to achieve the desired range of jet velocities and, in turn, the appropriate residence times and quenching temperatures. For a given material, lowering the pressure and increasing the solar flux will lead to increased jet velocity and vaporization rate (it should be underlined that the phase transition of the material may be affected by the inner pressure, which may complicate the identification of the optimal pressure in the enclosure). The sweeping flow rate offers additional leverage in the quest for the optimal operating condi-tions, by adjusting the residence time of vaporized species, in particular for deposition zones away from the cold finger. If a long residence time is required, laminar regime is preferred, whereas a strong and turbulent flow rate will promote short residence times. Finally, the nanoparticle collection zone should be chosen according to the residence time and thermal history.

Specific case of M oS 2 /W S 2 INTs and IFs synthesis

As described by Tenne et al. [69] and Zak et al. [68], and summarized in Figs. 3.6 and 3.10 of chapter 3, the growth process of INTs and IFs belongs to the second type of growth process previously described in section 4.5.1, i.e a "gas-solid reaction" or a "gas-liquid reaction" dominant process. However, it appeared that this reaction occurs mostly in the inner gaseous atmosphere for the solar ablation process within the Heliotron reactor. Therefore, the thermal history and residence time of vaporized species during their time of flight until the respective deposition zones are both key in the INTs & IFs formation process, additionally to the deposition wall temperature.

Multiple experimental campaigns (see section 2.6.1 of chapter 2) were carried within that scope of identifying the influence of parameters involved in the thermal history/residence time of vaporized species (e.g. the solar input, the sweeping gas flow, the crucible-to-cold-finger distance and the temperature of cold finger tip) on the produced NPs yield and selectivity (e.g. NPs size, type, number of layers, hollowed/filled core and shape). Though, the statistical analysis of a hundred of INTs and IFs analyzed with TEM presented in appendix B section B.5 was not to usable to point out quantitatively which is the impact of each of these parameter.

Nevertheless, exceptional observations were made locally for several experiments, for instance nanotubes/nanorods aggregates observed with SEM (Fig. 2.14 of chapter 2), aggregate of IFs (Fig. 3.15a of chapter 3) and W S 2 nanooctahedra (Fig. 2.31 of chapter 2) observed with TEM. However, these interesting qualitative results remain insufficient to find and prove any correlation between the experimental parameters of solar syntheses and the yield and selectivity of INTs and IFs in the corresponding retrieved products. This work of high interest is left for further investigations following the suggested potential solutions listed in section 3.3.2 of chapter 3.

Conclusions

The flow visualization technique implemented proved to be efficient to investigate the path of the flow within the Heliotron reactor for different velocity of injected gas at atmospherical pressure. From V jet = 0.1 m/s to 30 m/s, the transition from a laminar steady regime to a turbulent unsteady regime is clearly observed for the case where only the jet flow is injected. By adding the flushing flow, the flow patterns change and turbulence appears since V jet =0.2 m/s confirming that below V jet = 1 m/s, the flow is mainly driven by the flushing flow and vice versa.

The simulations made at atmospherical pressure have been validated by the flow visualization results for different jet velocity. The numerical results study has highlighted the significant effects of pressure and jet temperature on the flow patterns within Heliotron reactor in addition to the jet inlet-velocity. By including the thermal transfers, the final part of the numerical study mapped a whole range of possible thermal history of particles attainable on different zone of the reactor by tuning the gas jet velocity and the inner pressure. To summarize, for 0.1 m/s < V jet < 1 m/s, the residence time until the bottom tip of the cold finger is typically ∼ one second and for 10 m/s < V jet < 100 m/s the residence time is in the order of a centisecond. 

Notation

Conclusions and future work

The 21 st century is marked by multiple world challenges such as the climate change, the depletion of fossil fuel sources and a tense world economic context where each country aims at acquiring its own energy autonomy. Technological advances are at the forefront of these profound changes prompting the advent of the green economy. Namely, the urgent need of solutions to store, save and convert energy from non carbon sources. In that way, high expectations are set upon nanomaterials, as they generally enable exacerbated properties with less material (i.e. less volume and weight), not to mention the exceptional electronic, catalytic, thermal, magnetic, mechanical and optical properties associated. They are also being used in place of polluting and costly materials, making part of the ecological revolution of the material industry.

In particular, it should be outlined that nanomaterials is a field of science very recently investigated (∼ 20 years), frequently subject to significant and revolutionary discoveries revealing relentless new potential applications (e.g. bioengineering, quantum science).

Ones of these main breakthroughs were the discoveries of carbon fullerenes, carbon nanotubes and graphene, considerable milestones in the nanomaterial field history, as the structures of such fullerenes and nanotubes are astonishing and their subsequent properties unprecedently new.

Later, the ability of forming such 0D and 1D hollowed core nanostructures (i.e. fullerene-like nanostructures and nanotubes) was extented to a particular class of nanomaterial nicknamed "2D-materials", "layered materials" or "hetero-structured material". These latter class of material is characterized by a graphite like crystalline structure, consisting in a stacking of covalent in-planes hold together by weak van der Waals bonds. Under certain condition, these covalent in planes may form closed-cage structures. The stability of such structures was investigated thoroughly through DFT and MD calculations, which has contributed to predict and explain the existence of such specific nanostructures (e.g. inorganic single wall nanotubes, nanooctahedras).

Such nanomaterials are formed from members of the 2D-materials family, namely carbon, boron nitride and other inorganic compounds such as the TMDCs, mainly represented by the M oS 2 and W S 2 compounds. It should be noted that M oS 2 is of particular interest for its abundant availability and advanced properties (lighter and more resistant than its W S 2 counterpart). The unique properties of such inorganic nanostructures, differing from those of carbon, have attracted important attention for a vast range of applications. Despite these motivating features, the respective production levels of carbon nanostructures (CNTs and carbon fullerenes) and INTs & IFs are significantly unequal. As a matter of fact, the carbon industry has thrive in the two last decades, until being implemented at the industrial scale in various applications (e.g. superconducting coatings, reinforcing agent in composites). In a much less extent the development of inorganic nanotubes and fullerenes is still under development though already implemented in industry for dry lubricants with W S 2 .

This stark reality is justified mostly by fundamental reasons, namely the energy of folding of INTs and IFs significantly higher than their carbon counterpart, e.g. about ten times higher for M oS 2 nanotubes . By reading this, one may wonder if the high yield synthesis of INTs of IFs is simply out of reach due to the intrinsic properties of TMDCs? Recent advances [1] observed with vapor-gas-solid (VGS) reaction method led to the production of highly crystalline nanotubes of W S 2 & M oS 2 , and therefore suggest the contrary. In addition, various others paths are reported for the succesfull synthesis of INTs and IFs (see section 1.7). Several paths involve chemical methods using eventually catalysts (homogeneous & close to equilibrium conditions) whilst others consist in irradiating bulk M oS 2 with different means (far from equilibrium conditions). Nevertheless those methods entail several limitations in terms of scalability, safety of the chemical reagents used and prohibitive cost motivating the need of alternatives synthesis routes.

With respect to the state of the art of INTs and IFs synthesis, it is worth considering the solar route as a clean, scalable and potentially efficient path, as it was reported succesfull previously with carbon nanotubes and fullerenes. Furthermore, such solar processes are convenient to explore and experiment handily various operating conditions to investigate the formation mechanism and the synthesis process of INTs and IFs.

Pending the last decade, the solar synthesis of M oS 2 INTs and IFs was only reported in small quartz ampuls, and was never implemented in solar reactor of larger scale, incorporating an inner circulation of gas. As the challenge of leveling up the solar syntheses to such reactors was pioneering, the very first objective was to achieve succesfull synthesis of INTs and IFs. Then, the second objective was to deepen the understanding of the formation mechanism of INTs and IFs at stake in such reactors. Therefore, a comprehensive approach was taken incorporating numerical simulations for 1) the atomistic dynamic of M oS 2 nanolayers at high temperature (MD) and 2) the fluid dynamic of gases inside the Heliotron solar reactor.

Regarding the first objective, the first experimental work conducted was faced to several constraints proper to the M S 2 compounds (M =M o, W ), addressed below. The prior results of solar ablation on a graphite target demonstrated substantial efficiency in synthesizing CNTs and carbon fullerenes. In contrast, the solar ablation of bulk M oS 2 proved to be unsuccesfull due to the inevitable thermodecomposition of M oS 2 (incongruent vaporization). The explanation is that emanating from their strong chemical bonds, arcdischarge, laser-ablation, focused-beam solar ablation and other forms of ionizing radiation have already been shown to be capable of vaporizing graphitic carbon and h-BN congruently. This propensity leads to a high-yield production of nanostructures such as carbon fullerenes and singlewall nanotubes, as well as doublewall BN nanotubes. Unfortunately, such irradiation conditions are not conducive to TMDC nanostructure formation. Ablating them by focusing an intense beam on a TMDC pellet systematically leads to a noticeable stoichiometry loss, because of the fragile M -S bonds likely to be easily broken (chalcogen atoms evaporation). In that respect, it appeared that solar ablation of bulk M oS 2 is worthless unless succeeding in vaporizing elemental molybdenum (see section 2.1). By reviewing the literature, it appeared that the formation mechanism of such inorganic compounds remained elusive for a long time, and was just recently partially unraveled in close to equilibrium conditions by Tenne et al. and Zak et al. [1]. In particular, the use of M O 3 (M = M o, W ) for the solid precursor was evidenced to be crucial for the successful synthesis of INTs and IFs. It was found that the formation mechanism of TMDC nanostructures were following multistep growth mechanisms consisting mainly in 1) Growth of templating suboxide (M O 3 ) structures 2) Sulfidization of the suboxide templating structures from outside (encapsulation by M S 2 layers) to inside (sulfidization of the oxide core). As for far from equilibrium methods, the formation mechanisms of closed cage structure still remains unknown. This lack of information prompted the preliminar work of the PhD: determine the formation mechanism of INTs and IFs in solar reactors. In addition, the extensive work carried by Zak et al. [1] reported the particular sensitivity of M o 4 O 11 nanowhiskers to over reduction and recrystallisation, being unstable at elevated temperature. The conversion of such suboxide nanowhiskers into nanotubes is described as an intricate step, a point which was confirmed in the specific case of M oS 2 in this work. Thereby, the successful synthesis of M oS 2 nanotubes requires an acute control of feeding gases until the solid precursor.

As for the case of inorganic single wall nanotubes, it was shown by Seifert et al. that they are less stable than the multi-wall ones, requiring therefore more energy to be synthesized succesfully.

The present work confirmed this assumption by evidencing that high temperatures (far from equilibrium conditions, large thermal fluctuations) were conducive to the obtention of M oS 2 DWNTs and SWNTs. These peculiar class of nanotubes revealed to be remarkably interesting for their specific lubricant, photocatalytic (for water splitting) and photo-electric properties.

For all those reasons previously enumerated, synthesizing INTs and IFs is definitely less straightforward than synthesizing CNTs, carbon fullerenes or BN nanotubes/fullerene-like nanostructures.

Despite the numerous constraints evoked previously, the solar synthesis in larger scale reactor proved to be succesfull in synthesizing reproducibly INTs and IFs. In summary, M oS 2 INTs and IFs were produced in the Heliotron reactor and W S 2 INTs and IFs were produced in the Cavity reactor. To do so, M oO 3 was added to M oS 2 as solid precursor and then solar ablated within the Heliotron reactor. And W O 3 was used as solid precursor and sulfidized at high temperature (600-840°C) in the Cavity reactor. A singular variety of nanostructures was obtained including fullerene-like nanostructures, nanotubes (single, double and multi-wall), core-shell nanostructures, nanohorns, nanocones, nanoscrolls and nanooctahedras. Above all, it was found that the formation mechanisms of INTs and IFs in solar reactors were similar to the ones involved in gas phase reactors. The results obtained were in that sense satisfactorily in view of the two prior objectives of this PhD research.

Nonetheless, one may point out that the solar process exhibited several limitations and constraints in quantitative terms, respectively the monitoring, selectivity and yield of syntheses products.

As it was discussed, in this work, the selectivity of the solar processes is not proved. The wide variety of nanostructures types and the high standard deviations of outer diameter/size and number of layers of INTs and IFs indicated that the synthesis products range is broad. This can be ascribed to the variety of thermal histories of vaporized species (computed with the CFD model) within the Heliotron reactor. Due to insufficient amount of characterization data, no correlation between the operating conditions implemented in the Heliotron and the characteristics of the corresponding NPs produced (i.e. size, shape, type and relative proportion) can be deduced (see section 3.3.1). Hence, the control of NPs synthesized with the process is not effective yet. Furthermore, despite high yields of M oS 2 SWNT and DWNT, the overall yield of solar syntheses with the Heliotron remains relatively low when compared to the best ones reported (∼ 40 %) [1].

Given these limitations and constraints of solar processes, one may wonder if solar route is solely an interesting path to obtain unconventional M oS 2 and W S 2 nanostructures or a reliable path to synthesize INTs and IFs in high yield, and selectively?

We suggested that it is too early to answer this question. In this regard, the present work also aimed at enhancing the reliability and the tunability of the solar process for INTs and IFs synthesis.

To pursue this objective, a systematic approach/characterization was implemented to further the control of solar nanomaterials synthesis. It motivated the development of a whole CFD model of the Heliotron reactor. An in-situ flow visualization method was developed in order to validate the CFD model and extrapolate it to high temperature. Henceforth, the flow patterns within the Heliotron reactor and the ensuing thermal histories of NPs were characterized. Nevertheless, many phenomena occurring in the reactor during solar ablation such as the mass transfers and the chemical reactions, were not simulated in the developed model. By integrating them to the extrapolated CFD model of the Heliotron reactor (incorporating thermal transfers), additional data will be obtained providing a comprehensive and more precise characterization of the solar synthesis process from the vaporization of chemical species to their condensation/quenching, and deposition. Notwithstanding its limitations, the developed model is of interest to orientate the tuning of the solar syntheses operating conditions in order to synthesize the nanoparticles following a desired thermal history (residence time, quenching temperature) by modulating the solar intensity, the inner pressure and the sweeping flowrate.

The objective being at the end to correlate thermodynamic parameters experimentally implemented with their potential subsequent influence on the synthesized products.

In parallel, despite the lack of quantitative characterization result necessary to take profit of the CFD model of the reactor, valuable qualitative characterization results (SEM & TEM) enabled the partial elucidation of the formation mechanism of NPs in both solar reactors. The crucial role of intermediate suboxide was evidenced, as previously reported for VGS reaction methods.

Several perspectives are suggested and discussed toward better correlating the reactor model with the products obtained, in order to improve the process selectivity: Regarding the characterization process, it was found that a massive TEM & SEM characterization campaign of the NPs produced with solar reactors should be realized: in doing so, one may better understand the possible existing correlation between the experimental parameters and its repercussion on synthesized products. Nevertheless, this approach requires considerable time and financial means. Therefore, tailored preliminar quantitative analyses of the produced powder are worthy of investigation in addition to XRD analysis (see section 2.5.1). For instance, granulometry adapted to small batch of nanopowders (e.g. NanoSight granulometer of Malvern®), or statistical analysis (image processing) of SEM & TEM images of synthesized nanopowders with adapted software (e.g. ImageJ®), to obtain the size distribution (1 to 1000 nm range) would be of high interest.

Concerning the experimental work, the difficulties encountered with TEM & SEM observations of the NPs among the large chunks of ablated material (micrometer range) should motivate the improvement of the retrieving protocol. In particular, the large particles should be removed from the retrieved powder to retain only those of interest (< 500 nm). In that respect, a filtering step of the solution of retrieved NPs should be added to the retrieving protocol (see section 2.5). Secondarily, it is proposed to improve the homogeneity of the prepared solid precursor powders (narrower size distribution) in order to promote an homogeneous and better controlled growth of suboxide structures (nanowhiskers/nanoclusters), these latter being keys in fixing the final size of INTs & IFs [1].

With regard to the specific enhancement of the yield of solar syntheses, several others perspectives may be considered.

For solar ablation process (Heliotron reactor), the sulphur loss induced by solar ablation may be counteracted by injecting a partial pressure of the chalcogen vapor in the ablation zone, to prevent the stoichiometric imbalance. Also, the addition of corrective elements such as metallic catalyst, e.g., early transition metals (Co, N i, M n), soft metals (P b, Bi) or coinage metals (Au, P t, P d) could favor the INTs and IFs growth.

As for the sulfidization of M O 3 (M = M o, W ) at monitored temperature (Cavity reactor), certain improvements of the set-up design may be studied, e.g. a novel solution to regularly and precisely inject sulphur powder into the cavity, critical for ensuring the reliability of the process. Also, the design of a dedicated porous cell to favor an homogeneous diffusion of feeding gases within the solid precursor should be considered. Furthermore, addition in right proportion of M O 2 to the ablated/sulfidized mixture may be considered to favor the growth of templating suboxide (M O 3-x ) nanowhiskers in both solar processes (Heliotron & Cavity reactors).

Stemming from the research carried with solar process, specific research orientations are worth to be extended to other synthesis routes: notably the use of gaseous sulphur in place of H 2 S sulfurization agent, avoiding hazardous gases and possibly opening new vistas in terms of reducive/reacting properties to improve the synthesis of INTs and IFs, e.g. for VGS methods.

Similarly, the CFD characterization of the reactor seemed to be a very promising and powerful tool when sufficient quantitative characterization results are available besides. Finally, the experience of the present PhD research work motivated the development of a dedicated quantitative characterization method of the numerous synthesized powder prior to TEM & SEM imaging. In fact, TEM imaging solely does not allow any consistent correlation to be found, unless if implemented massively (which is often precluded, mostly for cost reasons).

Notwithstanding the considerable findings of the last decade, and the noticeable experimental and numerical results presented in this work, numerous unknowns remains to be eluded in order to step up the production of INTs and IFs to a meaningful level (mass production). Forthcoming research in that direction will probably be decisive. Prof. Olives was in charge of the precise processing of the data output of this experiment.

Finally, the thermal conductivity of the M oS 2 powder packed to a porosity of 0.71(-10% + 0%) is found to be 0.28 ± 0.01 W.m -1 .K -1 with the three-layer method. The significant negative uncertainty on the porosity of the powder within the experimental bench is due to significant loss of powder caused by leaks at the corners of the plastic film.

Hot-disc(HD) method

Principle

Other experiments have been carried out to obtain more precise measurements of the thermal conductivity of the M oS 2 powder by performing the hot-disc method for different powder porosities. Indeed, a first thermal conductivity measurement with the three-layer method has lead to a value of 0.28 W.m -1 .K -1 for a porosity of 0.71(-10% + 0%), and this order of magnitude has to be confirmed by another measurement method.

The powder is packed within a small section of PVC pipe(Ø 50mm). One K-thermocouple is set between the disc resistance and the M oS 2 powder, another one is set at the top edge of the powder against another block of polystyrene.

Both thermocouples are maintained with a thin metal stick tape.

At time t 0 , an electrical current pass through the resistance which transform the electrical power sent by the generator in a thermal flux equal to (4 × RI 2 )/(πD 2 out ), R is the electrical resistance, I the current.

The measurement of the increase in temperature of T top and T bottom with respect to time from t 0 to t f inal is sufficient to determine the thermal conductivity of the powder. As the height of the cylinder filled of powder is negligible with respect to the diameter of the latter, a 1D model could be used for the determination of the thermal conductivity from the experimental measurements of the real time temperature at the bottom and the top of the cylinder simultaneously. In this first case, the specific heat capacity of the hot disc and the contact resistance between the hot-disc and the M oS 2 powder are neglected. Moreover, the hypothesis of a semi-infinite plan is made: in the time span studied, the heat flux is assumed not to reach the top edge of the powder, ie T top (t, e) = T top (0, e).

φ thermal φ thermal = RI 2 S disk = U I S disk Insulator λ polystyrene ≪ λ M oS2 powder D out D in D disc
The boundary and initial conditions are:

     T (0, 0) = T (0, e) = T ini = 300K dT (t, z) dz z=0 = ϕ thermal λ M oS 2 Assuming that T = T (t, z) -T (0, z) = T (t, z) -T ini
The 1D heat equation becomes

d T dt = α d 2 T dz 2 (A.2)
By applying the Laplace transformation to the preceeding equation, it gives

+∞ 0 d T dt e -pt dt = +∞ 0 α d 2 T dz 2 e -pt dt ⇔ T e -pt - +∞ 0 = α d 2 dz 2 +∞ 0 T e -pt dt (A.3) ⇔ T e -pt +∞ 0 - +∞ 0 -p T e -pt dt = α d 2 Θ dz 2 , L( T ) = Θ (A.4) ⇔ T e -pt +∞ 0 + pΘ = α d 2 Θ dz 2 , L( T ) = Θ (A.5) ⇔ 0 -T (0, z) + pΘ = α d 2 Θ dz 2 , L( T ) = Θ (A.6) d 2 Θ dz 2 - p α Θ = 0 (A.7)
Hence the solution Θ takes the form Ae -qz + Be qz with q = p α .

As Θ takes only finite values against time, B = 0.

Thanks to the boundary condition at the bottom edge, on the "hot disc", the constant A can be determined.

dT (t, z) dz z=0 = ϕ thermal λ M oS 2 ⇒ dΘ dz z=0 = ϕ thermal p λ M oS 2 ⇔ d(Ae -qz ) dz z=0 = ϕ thermal p λ M oS 2 ⇔ d(Ae -qz ) dz z=0 = -qA = ϕ thermal p λ M oS 2 A = - ϕ thermal q p λ M oS 2 = - ϕ thermal √ α p 3/2 λ M oS 2
Finally we obtain :

Θ(p, z) = - ϕ thermal √ α p 3/2 λ M oS 2 e - √ p/α z = - ϕ thermal q p λ M oS 2 e -q z (A.8)
By applying a reverse Laplace transformation to the preceeding results, we obtain

T (t, z) = - ϕ thermal λ M oS 2   2 αt π e - z 2 4αt -z erf c( z 2 √ αt )    ⇔ T (t, z) = -2ϕ thermal √ αt λ M oS 2 ierf c( z 2 √ αt )
Experimental data processing -Non ideal case

The preceeding expression of the temperature inside the M oS 2 powder is useful to have a relevant insight of the temperature distribution in time along the height z. However, as the objective is to precisely determine the thermal conductivity, a more acute model should be used.

According to Jannot [1], by taking into account the heat capacity of the resistance, the heat loss through the polystyrene block and the two thermal contact resistances, the temperature of the disc resistance at long times (t → +∞, p →0) is

T s (t) -T s (0) = Φ 0 S R c E 2 + R ci E 2 i (E + E i ) 2 - 2(mc) s [(E + E i )S] 2 B + 2Φ 0 (E + E i ) √ π A √ t (A.9) with E = λ ρ C p the ef f usivity in W.K -1 .m -2 .s 1/2
R c is the thermal contact resistance, m s and c s the mass and the specific heat of the disc resistance, and ϕ 0 is the thermal flux of the hot disc. The i index refers to the polystyrene insulator block under the hot disc. In the plot above, the time span during which the semi-infinite hypothesis is valid is clearly visible. After this duration, the temperature of the thermocouple at the top of M oS 2 powder starts to increase and natural convection may also appear.

Then, in semi-infinite configuration, by changing the variable u = √ t, and rearranging the coefficient of the preceeding equation, a function of u is obtained.

T s (t) -T s (0) = Au + B
with A and B considered constant. Hence, by determining the experimental slope coefficient A by applying a linear regression to the data series of temperature input against time, the thermal conductivity of M oS 2 powder could be determined. 

λ = 1 ρC p 2Φ 0 A √ π -λ i ρ i Cp i 2 (A.10)

Evaluation of uncertainties

In this study, only the uncertainties of the parameters Cp, ρ, Cp i , ρ i and λ i are taken into account.

By applying the logarithm to the expression (10), we obtain

ln(λ) = -ln(ρ) -ln(Cp) + 2 ln 2ϕ 0 √ πA -λ i ρ i Cp i (A.11)
By deriving, it gives 

dλ λ = - dρ ρ - dCp Cp + √ ρ i Cp i √ dλ i √ λ i + √ λ i Cp i √ dρ i √ ρ i + √ λ i Cp i √ dCp i √ Cp i 2ϕ 0 √ πA -λ i ρ i Cp i -1 (A.12) In norm, it is equivalent to ∆λ λ = ∆ρ ρ 2 + ∆Cp Cp 2 + 2ϕ 0 √ πA -λ i ρ i Cp i -2 Cp i ρ i ∆λ i λ i + λ i ρ i ∆Cp i Cp i + ρ i Cp i ∆ρ i ρ i (A.

Synthesis

By combining 1) the results of the three-layer method 2) the hot-disc method performed by Prof. Olives and 3) the calculations made in the section above, the following results of thermal conductivity are achieved. The hot disc method is convenient to study the effect of porosity on the thermal conductivity of powders. Indeed, by packing the M oS 2 powder using a planar mortar in the cylindrical cavity, it is possible to obtain powder porosities ranging from 0.7 to 0.9 applying human strength.

Within this range of porosity, a correlation between the thermal conductivity and the porosity could be formulated:

The increase in porosity leads to a slow decrease of the thermal conductivity. For a powder, this is not surprising as an increase of density means directly an increase of the number of contacts (thermal bridges) between particles, hence reducing the path the heat flux has to go through. 

1]

Hot-Disc Exp Three-layer exp Figure A.9: Thermal conductivity calculated from 1-TL(blue point) and 1-HD,2-HD,3-HD and 4-HD(red curve) experiments against porosity For a 2D-material powder, another phenomena could be observed: at a certain level of density(low porosity), the in-plans of M oS 2 tend to reform themselves under the effect of an increase of density, hence increasing considerably the overall thermal conductivity of the powder.

A.1.2 The effect of temperature on thermal conductivity of M oS 2 powder

The effect of temperature on thermal conductivity of bulk M oS 2

The experiments were runned only at ambient temperature. A possible effect of temperature on the thermal conductivity of M oS 2 powder is likely.

Many results in the literature report that globally a temperature increase tends to lower 

Effect of temperature on thermal conductivity of argon and air

Unlike bulk M oS 2 , the thermal conductivity of argon and air (dilute gas) tends to increase as the square root of temperature(λ ∝ √ T is only valid for ideal gas). Since the thermal conductivity of high-porosity powders is mainly driven by the thermal conductivity of the surrounding gas [6], an increase of the thermal conductivity of the M oS 2 powder is likely to happen if exposed to increasing temperatures.

Theoretical prediction of the thermal conductivity of packed beds -Thermal conduction only

Numerous models of theoretical prediction of thermal conductivity of packed beds are described in the literature [7][8][9]. Here, we present and discuss the most important ones, in relation with the experimental results reported in this work. It appears that the best fit is obtained using Krischer correlation (with a=0.092). The other correlations underestimate the thermal conductivity although the curve slope is better described with Woodside and Zehner correlations.

Temperature dependence of the heat conduction models

Considering that radiative heat transfer is negligible in the temperature range 350-500K, the following extrapolation of correlations with respect to temperature could be made. In agreement with the assumption of Laubitz [6], the predicted thermal conductivity given by the correlations presented above increases with temperature. The curve slope is similar for each correlation except for the Krischer's one, which testifies a higher sensitivity to temperature.

Theoretical prediction of the thermal conductivity of packed beds -Thermal conduction and radiation

The preceeding models predict the thermal conductivity of packed beds considering only conductive heat transfer, but for higher temperatures(T>800 K), the models should also include the thermal radiative effect to be suitable. Several of those models found in the literature [10] are presented below.

Godbee & Ziegler correlation

Godbee and Ziegler [14] expressed the effective thermal conductivity as the sum of three component conductivities representing solid-solid contact conduction, radiation between solid surfaces and conduction through the gas and solid phases. The unit cell for the gas-solid component is shown on the right. The effective thermal conductivity is considered to be the sum of a conductive component and a radiative component that is

λ 2pb = λ c + λ r (A.22) with λ c = λ g D p /X (1 -S/X 2 ) + (1 -D p /X)
and λ r = 4σ ψ 1 -ψ ϵD p T 3

Laubitz correlation

Laubitz [6] has adapted Russells's correlation by adding a corrective coefficient of 2 and a radiation dependent term (i.e. the radiative thermal conductivity). This correlation has been used to estimate successfully the thermal conductivity of Alumina powders at high temperature.

λ 2pb = 2λ g 1 -ϕ 1/3 2λ 2pb-Russell + 4σT 3 ϵ D p ϕ (1 -ϕ 2/3 + ϕ 4/3
radiative thermal conductivity

) (A.23)

Laubitz-modified correlation

By rearranging this equation, following the same path as Laubitz, the following expression is found for M oS 2 powder surrounded by a gas at atmospheric pressure.

λ 2pb = A × λ g 1 -ϕ 1/3 5λ 2pb-Russell + 4σT 3 ϵ D p ϕ (1 -ϕ 2/3 + ϕ 4/3 ) radiative thermal conductivity with A = 5 (A.24)
Note that in those correlations, as the ratio λ particles λ gas is generally very large for gaseous con- As depicted in Fig. A.18, the thermal conductivity of the M oS 2 powder should increase until a temperature of 700 K (dissociation energy of M oS 2 , Weiss [22]). Indeed, beyond this temperature, the particules of M oS 2 start to be modified in their structure and thermal contacts between those particles may change.

If we consider those possible changes beyond dissociation temperature negligible, then a continuous increase of the thermal conductivity of the powder could be expected until the thermo-dissociation temperature (1500-2000 K) from which M oS 2 start to decompose itself.

Conclusions

1. The thermal conductivity of the M oS 2 powder is comprised in the range 0.2-0.35 W/m.K for a porosity range of 0.7-0.9 in air at ambient temperature and atmospherical pressure.

a)

The thermal conductivity of M oS 2 powder of precursor tends to diminish markedly as the porosity increase.

b) The thermal conductivity of M oS 2 powder increases significantly with temperature.

3. Taking into account those two phenomena jointly is critical toward simulating properly the thermal transfers within the crucible during solar irradiation. 

A.2 Solar experiments detailed listing A.2.1 Heliotron reactor experiments

Legend explanation

1. The dashed line corresponds to the cooking of M oS 2 powder within the bottom crucible with perforated cap.

2. The filled rounds correspond to the cooking of M oS 2 powder within the bottom crucible with no perforated cap of reversed upper crucible.

3. The filled triangles correspond to the cooking of M oS 2 powder within the bottom crucible with reversed upper crucible.

4. The crosses correspond to the cooking of M oS 2 powder within the bottom and reversed upper crucible, which were sealed altogether unwillingly by heat, hence hindering any precise measurement of the pressure inside. Cooking tends to make the processed powder finer within the micrometer range (800 nm to 20 µm).

2. It is hard to identify if temperature does have any particular impact on size distribution within the nanometer range (< 400 nm) of processed powder as the proportion of NPs is negligible for each processed powder (see Fig. B.3). Therefore it can be concluded that the preceeding cookings (Exp. C1 to C10) in the temperature range 1200°C-1500°C do not favor the M oS 2 nanoparticles synthesis.

3. The distribution of particles size within the micrometer range (> 400 nm) is better, independent on the temperature considered, for open systems (not sealed ones).

4. The experimental protocol may be improved for the next campaign of experiment. The problem of alumina sintering has progressively lead to carry cookings in open systems without cap or reversed upper crucible.

Note that at the exception of sealed-crucibles cases, the pressure in the powder was about 1 bar in each experiments, and the cooking were during 10 minutes at the targeted temperature. The uncertainty of pyrometric temperature measurement could be approximated to 5-10%, mostly due to the unperfect alignment of the optical system. 2. For simplicity, the Fullerene-like structures were nicknamed "Fullerenes" in this section.

3. The mean outer size of Fullerene-like structures was calculated in taking the mean value of two different height/diameter of each polyhedral/spherical fullerene-like structure imaged with TEM.

B.5.1 Sweeping gas flowrates

As it was numerously reported in the literature, the effect of fluid dynamics is notably important to favor the growth of INTs and IFs. Hence, the gas flow rates were varied from 0 to 2.51 m 3 /h in order to identify the possible influences of this latter on the NPs synthesized. To summarize, the effect of fluid dynamic on the growth of INTs and IFs was intricate to describe within the Heliotron reactor while it was more clearly visible in the Cavity reactor (see subsection 2.6.4 of chapter 2).

B.5.2 Pressure

For the first experiments carried, operating pressure within the reactor was maintained low (∼ 1 mbar) to possibly vaporize the whole solid precursor (M oS 2 ) rather than just operate a sulfur impoverishment of the solid precursor (see Eq. 

B.5.3 Solar flux

The solar input was varied through the shutter opening within the range 30-100% for different DNI. The analysis of TEM images did not allow to deduce whether solar flux does have a particular impact on the NPs synthesized as shown in 

B.5.4 Solid precursor mixing

The molybdenum/tungsten oxide proportion with M oS 2 /W S 2 for the solid precursor was varied in order to identify a possible influence on the synthesized products.

One may suggest that increasing the ratio of M oS 2 over M oO 3 in the solid precursor mixing may have lead to more sulphur outgassing, more intense sulfidization, henceforth leading to more layers in the INTs and IFs, and subsequently to larger nanostructures. This assumption cannot be ascertained for the NPs size ( 

B.5.5 Cold finger crucible distance

In Exp. 78 to 80 and 88 to 90, the distance between the cold finger and the crucible was varied from 0.5 cm to 2 cm, for the other experiments the cold finger-to-crucible distance was ∼ 68 mm. 

B.5.7 Selectivity of nanomaterials phases depending on retrieving zones

As it was denoted in a dedicated work ?? (addressed in chapter 4), the thermal history (residence time and quenching temperature) of vaporized species until the respective zones of retrieving (cold finger, balloon and the NPs filter) are significantly different. Hence, one may wonder if their final size and layer number may vary in average from one retrieving zone to another. Though, Figs. B.21 and B.22 (average values) do no allow to establish any correlation between the nanoparticles size and number of layers with the respective retrieving zones. In addition the NPs phases may differ accordingly with their retrieving zone. For instance, the powder XRD analysis of Exp. 42 to 54 from different retrieving zones (appendix B section B.6) reported that M oS 2 was found in larger proportions in powders from the balloon and the supernatant particles (section 2.5) than for the ones from the decantate of sonicated filter solution (rich in sulphur). While single and doublewall nanotubes of carbon [4,5] and boron nitride (B N ) [6] were readily obtained as a pure phase, comparably small nanotubes of M o S 2 and W S 2 were rarely reported [7,8] -attributed to the large bending energy of the triple S -M -S layers, which is about 10 times larger than that of the graphitic or B N layer [9]. Not surprisingly, and in accordance with experimental observations, tight-binding calculations showed that the stability of the nanotubes increases with the number of walls [10]. This extra stability was attributed to the van der Waals interaction between the layers. At diameters larger than 20 nm, multiwall TMDC nanotubes become stable, which is conducive to their synthesis as a pure phase and in substantial amounts [11,12,13,14,15]. Arc-discharge [16] and laser ablation [17] of 2D materials provide highly exergonic conditions, which are congruent with the far-fromequilibrium growth of different nanostructures with minimal diameters, made of a few layers only. These methods were first used for the growth of carbon fullerenes and nanotubes. For example, in arc discharge synthesis, high temperatures are produced near the precursor, which leads to sublimation of the graphitic material (3200°C), electrical breakdown and formation of a dense plasma. Rapid cooling induced the growth of small carbon clusters resulting in 0-D (fullerenes) [18] or 1-D growth of singlewall nanotubes [4,5]. The prominent role played by the metal catalyst has been demonstrated extensively [4,5,6]. Pulsed laser ablation of graphitic samples in an oven heated to >1000°C produced carbon plumes, which were swept by a noble gas carrier, rapidly cooling down to produce fullerenes [19] or singlewall nanotubes [20]. A focused solar beam was also used to form carbon fullerenes [21] and nanotubes.

A somewhat modified experimental set-up and the use of a metal catalyst was conducive to producing a mixture of multiwall and singlewall carbon nanotubes [22]. Amorphous carbon soot and metal nanoparticles were also present in the product and were chemically separated from the desired product. Doublewall B N nanotubes were first obtained in high yields via arc-discharge of B N electrodes mixed with N i and C o catalysts [23]. Singlewall and doublewall B N nanotubes were also obtained in high yield (40%) via excimer laser ablation (248 nm wavelength) of h-B N at 1200°C and in the presence of transition metal catalysts, such as N i and C o [24]. Interestingly, singlewall tubes with small diameters (<3 nm) were obtained in the presence of an inert gas (argon, helium), while larger (4-7.7 nm) doublewall nanotubes were produced in the presence of nitrogen gas. Folding of additional B N layers implies a higher elastic energy of folding, which is compensated by the larger tube diameter. The flat capping layer at the tip of the nanotube is typical for three disclinations in the honeycomb lattice of B N with 3 four-member rings made of two B N atom pairs [25]. B 12 N 12 nanooctahedra made of 6 four-member rings (two B-N pairs) and 8 hexagons were considered to be the smallest stable closed cage (fullerene) structure of this compound [26,27]. Recently, B N nanoparticles with closed-cage structures (fullerene-like) were produced in high yield by irradiating h-B N powder under concentrated light from ultrabright lamps [28].

| M o S 2 nanostructures

Laser ablation has been used extensively in recent years to prepare M o S 2 films, fullerene-like nanoparticles, quantum dots and various core-shell nanoparticles [29,30,31,32,33,34]. Irradiating a focused beam on M S 2 (M =M o, W ) under vacuum leads to a substantial loss of stoichiometry, due likely to the excessive evaporation of sulfur atoms [29].

This leads to poor yields of the M S 2 nanostructures but can also be exploited for the deposition of unique core-shell M o S 2 -based nanostructures. Mitigation of this problem has been achieved by placing the M o S 2 target in water or non-aqueous media and using femtosecond laser pulses, which increase heat dissipation from the target [30,31].

However, laser ablation in aqueous media also leads to strong oxidation and formation of a significant amount of M oO 3 byproduct [32,33]. Use of aprotic solvents and careful dearation slowed the oxidation rate of the sulfide into M oO 3 [34]. In one such work, laser ablation of M S 2 powder heated to temperatures below 650°C resulted in coreshell M @M S 2 nanoparticles, where a few closed M S 2 layers were found to wrap around the spherical M nanoparticle conformably. Heating the target to above 850°C resulted in hollow closed (fullerene-like) M S 2 nanoparticles and short nanotubes consisting of a few layers only [35]. Irradiating M o S 2 powder with a focused solar beam produced single-wall M o S 2 nanotubes, albeit with problematic repeatability [36]. Most remarkably, laser ablation of M o S 2 powder provided the first evidence for fundamentally small M o S 2 nanoocthedra with diameters <3 nm, composed of 2-3 layers only [37,38]. Intricate nanostructures made of M o S 2 nanooctahedra coated conformably by a few quasi-spherical M o S 2 layers were obtained by irradiating M o S 2 with a focused solar beam, but with sparse yields only [39]. Thermodynamic modeling predicted an elaborate stability hierarchy that was found to be consistent with the experimental observations. Indeed the nanooctahedra are stable for the smallest radii and up to about eight M o S 2 layers (∼10 nm radius). Beyond that size, faceted polyhedral nanoparticles become more stable, until the macroscopic limit is reached (at a diameter of ca. 100 nm), at which point M o S 2 flakes become the most stable structures. Arcdischarge of an M o S 2 electrode in deionized water produced core-shell nanoparticles <10 nm in size with 2-3 M o S 2 concentric layers conformably coating a smaller core [40].

| Observations reported here

In the present report, solar ablation of M o S 2 powder was carried out in a solar furnace used previously for the production of carbon fullerenes and nanotubes [41]. Doublewall M o S 2 nanotubes <10 nm in diameter and a few hundred nm in length were obtained reproducibly, though in very small yields. Their structural characteristics and their growth mechanism are discussed. Chemical vapor deposition (CVD) of single layer, up to a few layers, of M S 2 at <800°C

on different substrates has given rise to the growth of triangular crystallites that expand laterally and grow until full coverage is attained [42,43,44]. In the present experiments, such triangular M o S 2 crystallites made of a few layers were often observed, along with two edges folding to form nanoscrolls a few layers thick. The scrolling is attributed to the high temperatures during the ablation, which is conducive to softening of the M o S 2 layers, thereby favoring the scrolling of the triangular edges. Furthermore, few-wall nanohorns, akin to carbon nanohorns [45], were also frequently observed. To evaluate the nature of the high temperature growth of these nanostructures, detailed molecular dynamics simulations were carried out. These calculations show that thermal fluctuations soften the M o S 2 nanostructures, leading to corrugated layers that are favorable for obtaining nanostructures limited to a few layers only. The importance of these findings in future nano-and optoelectronics is discussed in Section 5.2. Fig. S1 in the Supporting Information (SI) shows the calculated temperature profile in the reactor (for more detail see [41]). The hottest spot in the reactor (1227 °C) occurs in the center of the upper surface of the precursor powder on which the solar beam is focused. The temperature on the walls of the reactor and on the cold finger is around 130°C.

| EXPERIMENTAL

| Synthesis

| Collection of the product

Once irradiation was terminated and the reactor was opened, a brush was used with ethanol to scratch the walls and the cold finger in order to collect the product powder consisting of large lumps of ablated material that were difficult to break into small enough pieces for a proper transmission electron microscopy (TEM) analysis. Therefore, in ensuing experiments, the product was first ground mechanically before sonication (10 min) in ethanol. Samples for TEM analysis were collected also by sonicating the metallic filter in ethanol for 10 min. Subsequently, the suspension was dripped onto a TEM grid, using a Pasteur pipette, and the grid was blotted and dried toward preparing it for the electron microscopy analysis. It should also be noted that up to 80% (by weight) of the vaporized species were trapped in the nanoparticle filter, and most of the TEM images correspond to powders extracted from that filter.

The decomposition of M oO 3 at elevated temperatures has been investigated thoroughly [46], based on which the synthesis mechanism of the M o S 2 nanostructures is believed to be: 

2 M oO 3(s ) + 7/2 M o S 2(s ) → 2 M o S 2(s ) + 7/2 M o (s ) + 3 SO 2(g ) (1) 

| Characterization

Given the small sizes of the reported nanostructures and their scarcity, TEM was the main tool used for the characterization of the ablation products, which was encumbered by the nanostructures always being attached to bulky M o S 2 flakes.

| X-ray diffraction (XRD) analysis

X-ray powder diffraction was performed using a TTRAX III (Rigaku, Tokyo, Japan) theta-theta diffractometer equipped with a rotating copper anode X-ray tube operating at 50 kV/200 mA. The samples were prepared on a zero-background Si substrate. They were scanned using the Cu Kα line in specular diffraction mode (θ/2θ scans) from 4-90°(2θ) with a step size of 0.02°and a scan rate of 0.5°per min.

| TEM analysis

High resolution electron microscopy analysis was found to be difficult due to the rarity of the species. This situation was further exacerbated because the investigated nanostructures were always attached to M o S 2 flakes and other ablation products. A Talos F200X G2 TEM 200 kV (Thermo Fisher Scientific, USA) scanning TEM (STEM) was used for most of the rudimentary analysis. The analysis of the TEM images, including intensity profiles along the c-axis, and the selected area electron diffraction (SAED) was performed with Velox, Digital Micrograph 3.4.0 (Gatan) and ImageJ softwares. Energy dispersive X-ray analysis (STEM-EDS) was used for the chemical analysis of the products. High angle annular dark field (HAADF) analysis in STEM mode of some nanotubes confirmed the atomic structure reported here. Owing to the difficulties explained above, ED of the isolated nanostructures could not be performed. However, fast Fourier transform analysis (FFT) was found to be of great utility here. All the FFT analyses were done in Velox (Thermo Fisher) software.

| Molecular dynamics (MD) simulations

To provide an atomistic insight into the structural properties of the M o S 2 layers, MD simulations were perfomed.

Three different structures were considered: single-layer, bi-layer, and multi-layer (eight layers) of the 2H-phase of M o S 2 as taken from the Materials Project database [49]. Each layer was modelled as a 20×20×1 rectanglular supercell.

The initial vertical distance between the layers in the bi-and multi-layer configuration corresponds to the interlayer distance of the bulk (6.15 Å). All simulations are performed considering periodic boundary conditions in all directions.

A vacuum layer of 30 Å was added to the direction orthogonal to the layers to avoid interaction from adjacent periodic images. MD simulations were carried out in an isothermal-isobaric (NPT) ensemble with the QuantumATK package [50,51]. A reactive force-field (ReaxFF) interatomic potential was used for Mo and S to study movements, energetics and forces in M o S 2 [52]. 5000 fs MD simulations were run at 800°C, 1 bar, and a time step of 1 fs. The analysis of the final results was performed using the Atomistic Simulation Environment (ASE) package [53].

| RESULTS AND DISCUSSION

| XRD patterns

Fig. S2 shows the resemblance of an XRD pattern of the reaction product to that of the pristine 2H -M o S 2 powder.

The patterns differ, however, in some characteristic minor peaks of the M oO 3-x and M oO 2 powder at θ = 23 and 26.5°, respectively (green pattern) [46]. In addition to M o S 2 reflection, ablated powder shows reflection from M o 2 S 3 and sulfur, which would be expected to be formed due to the vigorous heating and rapid evaporation of M o S 2 .

| TEM analyses of the M o S 2 doublewall nanotubes

TEM analysis revealed many doublewall M o S 2 tubes, a representative example of which is shown at two magnifications in Fig. 2a andb. About half of the nanotubes were open ended, suggesting that they formed rapidly (the reaction to close the tip is likely to go slower). A few more images of such doublewall tubes are shown in Fig. S3 of the SI. Most characteristically, the external diameter of the doublewall nanotubes varied between 6-14 nm. Their length varied between 200-400 nm. Nevertheless, a group of short doublewall nanotubes (length <100 nm) could also be observed. In several cases, doublewall nanotubes that were cut possibly during the ultrasonic treatment were detected. Table S1 (SI) summarizes the statistical analysis of 40 such M o S 2 nanotubes. Typically, their walls were not perfectly straight, i.e., their diameter varied along their length by 15% in most cases (Fig. S3a and Table S1). However, doublewall nanotubes with diameters varying by up to 46% were also observed in several cases. Often, though, they were buried in a chunk of ablated M o S 2 , or simply covered by a M o S 2 flake, and hence could not be discerned at full scale. This precluded a detailed chemical or structural analysis. Since the M o S 2 flake (in the background) and the doublewall nanotubes are at a different zone axis to the incoming electron beam, the fast Fourier transform (FFT)

analysis was found to be useful for the structural insights of nanotubes. FFT patterns from the region in Fig. 3b where the background flake (orange square) and flake with doublewall M o S 2 nanotube (yellow square) is displayed in Fig. 2c andd, respectively. Both FFTs demonstrate the hexagonal arrangement of the atoms, akin to 2H -M o S 2 and correspond to the family of (100) Bragg planes. The FFT pattern in Fig. 3d constitutes reflections from both the flake and the nanotube. The sharp spots correspond to the flakes (orange hexagon) and the streaky pattern refers to the doublewall nanotube (yellow hexagon). The streaky pattern is known to be the hallmark of nanotube diffraction. In addition, the (100) reflection of the nanotubes is split due to the chirality of the nanotube and the measured chiral angle is 4. The (002) reflection from the nanotube is clearly visible with the lattice spacings of 6.7 Å (green arrows).

These (002) reflections are geometry forbidden in flakes (with respect to the electron beam), and hence they are absent. The interlayer spacing (6.7 Å) in the nanotube is slightly larger than the interlayer spacing in the corresponding flake, i.e., 6.15 Å. The detailed FFT analysis is further illustrated in Fig. S4. The FFT pattern of the fullerene-like portion is shown (see the inset of Fig. S4, #3). Two sets of (002) Bragg planes are separated by an angle 58 °, which is crystallographically equivalent to the faceting angle of the fullerene-like structure, i.e. 122 °(see the marked angle on the nanoparticle). Infrequently, singlewall M o S 2 nanotubes were also visible, as shown in Fig. S5, along with multiwall M o S 2 nanotubes with narrow diameters (<50 nm, see for example Fig. S6). The FFT image was taken from the tip of the singlewall nanotube, which protruded out of the flake. It shows a hexagonal pattern corresponding to the (100)

Bragg planes of the nanotube. Since the nanotube is singlewalled, the (002) spots were, as expected, absent from the diffractogram. The fact that singlewall nanotubes were rare compared to the doublewall nanotubes is probably related to the stable 2H structure, which consists of two M o S 2 planes with hexagonal symmetry. However, given the different number of atoms in the outer and inner walls of the nanotube, full commensuration between the two walls of a doublewall tube is not possible, and is preserved only locally. 

| STEM-EDS and HAADF analyses

STEM-EDS and HAADF analyses of one such doublewall nanotube are shown in Fig. 3. The TEM and HAADF analysis (Fig. 3a andb) clearly shows its contour. The STEM-EDS analysis shows that it consists of pure molybdenum and sulfur atoms. Quantitative analysis of its content revealed an S/Mo atomic ratio 2:1. In addition, oxygen and nitrogen were distributed homogeneousely, suggesting that they belong to the background. nanoparticles were observed here. Closed core-shell M oO 3 @M o S 2 nanoparticles were also observed (Fig. S10a)

and their composition was confirmed by STEM-EDS analysis (Fig. S10b). These nanoparticles were obtained by co-condensation of the ablated M o S 2 /M oO 3 vapors. While the singlewall closed-cage nanoparticles were mostly quasi-spherical, their multiwall counterparts were more faceted with an overall polyhedral shape that included sharp corners and cusps. Theoretical analysis of the elastic energy of folding of such nanoparticles has been presented, showing that the formation of cusps becomes more favorable the larger the ratio of the thickness of the M o S 2 layers to the radius of the nanoparticles [55].

| M o S 2 nanocones(horns)

Carbon nanohorns have been studied extensively in the past [56]. They can contain 1 and up to 5 pentagons (diclinations) in their apex, with the apex angle varying from 112.9 to 19.2 °, respectively. Similarly, M o S 2 nanohorns can have one and two squares in their apex. Unfortunately, in the latter case, line defects and other dislocations induce much more complex structure for the M o S 2 nanohorns, as explained below. | Bragg planes of the M o S 2 nanohorn Furthermore, in Fig. 4d a series of (100) spots (hexagonal symmetry) appear to be very different from those of the nanotube as well as the flakes. Instead of a streaked (nanotubes)/sharp (flakes) pattern, a faint but distinguishable series of spots going outwards can be discerned (up to six such distinguishable spots can be counted as indicated by the purple dots, see Fig. 4d). This series is the hallmark of the conical shape of the walls, each with a different diameter. The appearance of two sets of (002) planes in the nanohorn is quite interesting and was not seen in the case of nanotubes. The analysis shows that the two pair spots marked by the red ellipse belong to the side walls of the nanohorn and are separated by 30 °. The independent FFT analysis of left and right side walls (not shown here) infers that one spot inside the ellipse corresponds to the left-hand walls and the other is diffracted from the right-hand side walls of the nanohorn. These results also confirm that the left and right-hand side walls of the multiwall nanohorn are tilted by 30 °with respect to each other. Similarly, the discrete FFT analysis of the apex walls of the nanohorn reveals that the (002) spots marked in the cyan ellipse originate from the apex of the nanohorn, and are perpendicular to the diffraction from the sidewalls. Here too, the (002) spots were split into two due to the twofold rotation in these layers.

As the nanohorn is tilted by 20 °and 40 °(Fig. 4e andf), the intensity of (100) spots of the nanohorns diminishes and the (002) planes become quite intense. This effect may be due to the moving of the (100) plane away from the diffraction zone. At 40 °tilt (Fig. 4f), only two (100) spots in the direction of the cone are visible, along with intense (002) planes. The FFT analysis confirms that the observed nanohorn structure is unique and different from nanotubes and nanoscrolls. The extra energy gained by the van der Waals interaction between the walls of the nanoscroll grant extra stability to these triangular structures. The rapid cooling rate of the ablated material limited the degree of folding of the nanoscroll edges to a diameter of only a few nm on each side of the M o S 2 triangular sheet. M o S 2 nanoscrolls have been described in the literature [57,58]. Nonetheless it is equivocal to draw conclusions about the present scrolling process from the previous publications, due to the largely different synthetic conditions. In one report [57], M o S 2 triangles were deposited onto a silica/silicon substrate by conventional CVD (up to 850 °C) and treated with isopropyl alcohol (IPA). The IPA diffused between the substrate (graphite) and the M o S 2 triangles, separating the interface and slightly lifting the M o S 2 monolayer. The adsorbed underlying solvent upset the force balance between the two sides of the triangle, leading to its scrolling. Unexpectedly, the reported M o S 2 nanoscrolls revealed a metallic character. In another work [56], the CVD grown M o S 2 monolayer was treated with argon plasma, which induced a large density of defects (putatively sulfur vacancies). The irradiated film suffered strain and folded spontaneously into nanoscrolls.

In contrast to the previous study, no solvent such as IPA was used. symmetrically [54]. The precise structure of such tetrahdera is yet to be precisely elucidated. Fig. S13b displays the 2D projection of a multiwall nanooctahderon made of six rhombi disposed in the vertices of the honeycomb M o S 2 lattice, symmetrically. This nanostructure was discussed quite extensively in the literature, see for example

Refs. [37,38,39]. Most remarkably, in agreement with a previous work [39], while the inner M o S 2 walls of this nanooctahedron are made of sharp cusps, the outermost layers accommodate a much more rounded shape. [61]. Somewhat unsurprisingly and given the fact that the doublewall nanotubes possess an incommensurate structure, they found that the interlayer friction coefficient is one order of magnitude smaller for the nanotube than for 2H -M o S 2 . In another recent study, the flexoelectric effect of M o S 2 doublewall nanotubes was investigated as a function of nanotube diameter [62,63]. Owing to the tunability of the M o S 2 bands and the strain within the layers of the doublewall nanotube, a transition from a type-I to a type-II junction is obtained at a diameter of the outer tube of 3.1 nm. Here, the electron and hole reside in different layers, which is favorable for high-performance photovoltaic devices. Further increasing the diameter yields a clear optimum of the flexoelectricinduced photovoltaic effect at a tube diameter of 5.2 nm, which is 7 times larger than that of the bilayer 2H -M o S 2 . The optoelectronic properties of doublewall M o S 2 @W S 2 and W S 2 @M o S 2 have been studied in both the zigzag (direct gap) and armchair (indirect gap) configurations [64]. While a type I gap suitable for electricity-to-light conversion was found for M o S 2 @W S 2 doublewall nanotubes, type II behavior suitable for photovoltaic devices was found for W S 2 @M o S 2 tubes. First principles theoretical calculations found that single-to triplewall M S 2 nanotubes are suitable as photocatalysts for water splitting [65]. Recently, a giant bulk photovoltaic effect in the infrared range was calculated for doublewall W S 2 nanotubes, which was attributed to the spatial separation of the positive and negative charge carriers on the two walls of the nanotube [66]. While not inclusive, these few examples demonstrate the utility of having multiwall rather than singlewall TMDC nanotubes. to the bulk material. These calculations explain also the variance in the diameter of the doublewall tubes. Moreover, the solar reactor environment appears to create a unique high-temperature, far-from-equilibrium environment conducive to the formation of the assortment of M o S 2 nanoparticles that have proven elusive. The presence of M oO 3 in the precursor mixture appears to be crucial (e.g., Eq. 1) along with an apparent catalytic value that helps to overcome substantial kinetic barriers, such that the products and their frequency of occurrence better reflect thermodynamic stability criteria. The present method for generating M o S 2 nanoparticles uses exclusively safe solid precursors, in contrast to established methods that require hazardous or toxic gaseous precursors such as H 2 and H 2 S , thereby creating safer reactor conditions amenable to industrial scale-up.

| Effects of high temperature and layer corrugation

| Prompting the need for further investigation

Notwithstanding substantial difficulties for mass production of doublewall M S 2 nanotubes, the above experimental and theoretical results motivate further research in this direction. Emanating from their strong chemical bonds, arcdischarge, laser-ablation, focused-beam solar ablation and other forms of ionizing radiation have already been shown to be capable of vaporizing graphitic carbon and h-B N congruently. This propensity leads to a high-yield production of such nanostructures as carbon fullerenes and singlewall nanotubes, as well as doublewall B N nanotubes. Unfortu-nately, this situation is not the case for TMDC nanostructures so far. Ablating them by focusing an intense beam on a TMDC pellet always leads to a noticeable loss of stoichiometry by breaking the more fragile M -S bonds and evaporation of the chalcogen atom. Furthermore, catalysts were only rarely used in connection with the ablation of TMDCs by highly concentrated sunlight [67]. In the absence of any catalyst, the poor electrical and thermal conductivity of the precursor pellet makes its ablation even harder. Here, insufficient heat dissipation and temperature gradients in the ablated pellet lead to a violation of the stoichiometry of the TMDC compound that is conducive to alternative chemical pathways. Possibly, corrective elements such as using a metallic catalyst, e.g., early transition metals (C o, N i , M n), soft metals (P b, Bi ) or coinage metals (Au, P t , P d ) could make the difference. Also, a partial pressure of the chalcogen vapor in the ablation zone might be able to prevent the stoichiometric imbalance. Addition of M oO 2 to the ablated mixture can enhance the formation of M o 4 O 11 nanowhiskers, which subsequently could be sulfurized into nanotubes [12]. Therefore, more work is needed in this direction in order to demonstrate a reliable route for the high-yield production of TMDC nanostructures, like single and doublewall nanotubes and also their nanooctahedra.

C.1 Verification of the numerical model -Mesh convergence

We performed numerical simulations with several meshes in order to guarantee a sufficient meshing quality for this study. Many meshes have been tested (refinements in the inner part and near the wall) the refining was stopped when no further improvements were noticed. As an example, one large mesh and one refined mesh are given with the corresponding velocity contours ( Les nanomatériaux font référence à la famille des matériaux caractérisés par une longueur de 1 à 100 nm dans au moins une direction [1]. Des surfaces par unité de volume exceptionnellement élevées peuvent être obtenues, comme l'illustre la figure D.1, ce qui peut par exemple conduire à une plus grande réactivité chimique [2]. 

D.1.3 Procédés de synthèse de nanomatériaux

Il existe une grande variété de méthodes de synthèse de nanomatériaux. Celles ci sont revues avec leurs atouts et faiblesses respectives dans le tableau D.1. Table D.1: Avantages et inconvénients des différentes méthodes de synthèse de nanomatériaux [5][6][7][8][9][10][11][12][13][14][15][16]. En particulier, les nanostructures à cage fermée ont attiré pendant deux décennies une attention spécifique pour leurs propriétés remarquables. Les fullerènes et les nanotubes de carbone sont à l'avant-garde de cette classe particulière de nanomatériaux. Toutefois, la capacité de former des structures en cage fermée dans des conditions spécifiques a également été constatée pour d'autres composés inorganiques tels que le M oS 2 et le W S 2 témoignant de propriétés singulières (tribologiques, semi-conductrices et catalytiques).

Cependant, la synthèse de ces nanomatériaux est confrontée à de multiples défis technologiques. Les voies de synthèse conventionnelles ont un coût très élevé, des rendements généralement faibles, utilisent des substances chimiques polluantes dangereuses/toxiques et non respectueuses de l'environnement. Cela a motivé la recherche d'une voie de synthèse propre, efficace et non coûteuse des nanomatériaux de ces deux composés en utilisant l'énergie solaire concentrée (dejà utilisée avec succès pour les nanotubes et fullerènes de carbone). Cette recherche comporte à la fois un volet expérimental (synthèse et caractérisations), et un volet numérique (DM, CFD) afin d'avoir une approche globale du processus de synthèse. 

D.2.6 Caractérisation des nanomatériaux

D.2.8 Conclusions

Grâce aux résultats obtenus lors des nombreuses expériences réalisées dans les deux réacteurs, et à leur interprétation à la lumière de la littérature, plusieurs conclusions majeures peuvent être tirées pour les deux composés M oS 2 et W S 2 . (2) Mettre en place un contrôle plus fin de la quantité de poudre de soufre injectée et améliorer la diffusion des gaz réactifs dans la cellule poreuse qui contient le précurseur solide (réacteur Cavité).

En ce qui concerne l'optimisation de la sélectivité des nanostructures produites, d'autres perspectives spécifiques doivent être envisagées pour des recherches ultérieures: (1) Améliorer l'homogénéité du précurseur solide (2) Privilégier l'utilisation du réacteur Héliotron pour la synthèse de NTDPs et NTSPs de M oS 2 (3) Améliorer et étudier le processus solaire du réacteur Cavité car il permet de créer des conditions plus homogènes et plus contrôlées que celles du réacteur Héliotron.

D.3.5 Conclusions

En analysant les résultats de caractérisation des poudres synthétisées de M oS 2 , certaines observations clés ont été mises en évidence.

1. Le mécanisme de formation des NTIs et des FIs impliquant des nanostructures intermédiaires de sous oxyde comme structures patrons a été validé par l'imagerie MET, l'analyse CSAGA et l'analyse METB-SDE.

2. L'environnement du réacteur solaire semble créer un environnement unique à haute température, loin de l'équilibre, propice à la formation d'une palette de nanoparticules de M oS 2 qui se sont avérées uniques, notamment les nanotubes de M oS 2 à double parois.

3. Le rendement et la sélectivité d'un tel procédé solaire doivent encore être améliorés pour être considérés comme fiables.

D.4 Caractérisation des écoulements dans le réacteur solaire Héliotron.

D.4.1 Introduction

La vaporisation est la voie de synthèse généralement utilisée dans les réacteurs solaires. Grâce à la densité de puissance élevée du flux solaire concentré, des températures très élevées sont atteintes au niveau des matériaux irradiés dans des réacteurs solaires. Cette élévation de température entraîne la vaporisation des matériaux placés au foyer du concentrateur solaire, ce qui créé des écoulements gazeux d'espèces chimiques à l'intérieur du réacteur solaire, en plus de l'écoulement induit par la convection naturelle du gaz environnant. Ces espèces chimiques vaporisées se condensent en vol ou directement sur les parois sous forme de particules, lesquelles sont récupérées ultérieurement. Comme la dynamique des fluides influence directement le processus de croissance et de nucléation des nanoparticules dans la phase vapeur, il est crucial de caractériser les régimes d'écoulement et les effets thermiques associés dans ces réacteurs afin d'augmenter le rendement et contrôler la structure, la taille et la distribution de la taille des nanoparticules [6,[56][57][58][59]. Cette étude vise donc à cartographier les différentes configurations d'écoulements rencontrées dans un réacteur solaire de synthèse de nanomatériaux nommé "Héliotron" et son impact potentiel sur les paramètres qui régissent la formation des nanomatériaux.

D.4.2 Montage expérimental de la visualisation d'écoulement

Afin de reproduire correctement le jet d'espèces vaporisées produit par l'irradiation solaire, un gaz ensemencé de particules de traçage est injecté par la buse (de diamètre Ø8 mm) du porte échantillon à la place du creuset. Pour des raisons de simplicité, l'air a été choisi comme gaz utilisé pour le transport des particules à l'intérieur du réacteur (propriétés physiques de l'air ∼ argon). Les débits volumétriques de l'air injecté dans toutes les expériences ont été fixés à différentes valeurs correspondantes aux vitesses d'entrée désirées. 

D.4.3 Modèle numérique

Le réacteur solaire est modélisé en géométrie 2D-plan pour des raisons de coût de calcul. La taille des éléments du maillage est de 2 mm, une taille suffisamment petite pour modéliser correctement la turbulence. L'agencement du maillage est illustré sur la figure D.20 (right). Afin de modéliser les phénomènes dans le réacteur solaire, deux entrées à vitesse constante sont définies, l'une pour le jet et l'autre pour l'injection de gaz inerte (balayage). Le gradient de pression est considéré comme nul à la sortie. Toutes les parois du réacteur sont modélisées par une condition de paroi fixe. Pour les simulations isothermes, la température du jet est de 300 K (température ambiante, pour permettre la comparaison avec les expériences de visualisation d'écoulement). Dans le cas des simulations anisothermes, la température du jet est fixée à 1500 K, laquelle est considérée comme température de vaporisation moyenne du M oS 2 dans la gamme de pression de 100- 

D.4.7 Conclusions

Ce travail est une première étape d'une description plus complète des processus qui régissent la formation des nanomatériaux. Tout d'abord, une nouvelle méthode de visualisation de l'écoulement a été présentée. Ensuite, un modèle numérique a été développé. Il s'agit d'un outil puissant pour prédire les régimes d'écoulement dans le réacteur. Trois régimes ont été identifiés. En dessous de 1 m/s, l'écoulement peut être considéré comme laminaire et au-dessus de 10 m/s comme totalement turbulent. Entre ces vitesses, un régime de transition est observé. La comparaison entre les résultats numériques et les expériences de visualisation de l'écoulement a démontré la validité du modèle numérique à température et pression ambiantes. Sur la base de cette validation, le modèle a été utilisé pour explorer l'effet de la pression interne du réacteur et de la température de vaporisation du panache, fournissant des informations clés liées aux caractéristiques de l'écoulement influençant la synthèse des nanomatériaux. Malgré les découvertes considérables de la dernière décennie, et les résultats expérimentaux et numériques remarquables présentés dans ce travail, de nombreuses inconnues restent à élucider afin d'augmenter la production des NTIs et FIs vers une production de masse (> 100 tonnes/an).
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 11 Figure 1.1: Specific surface/volume ratio obtained with nanomaterials. Source: cosmeticobs website
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 12 Figure 1.2: Examples of physical properties modifications at a nanometer scale [5].
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 13 Figure 1.3: Schematic illustrating the relative dimensions of nanoparticles [7].
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 14 Figure 1.4: Schematic diagram of a hetero-structured 2D material [9].
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 15 Figure 1.5: Current 2D library [9].

Figure 1 . 7 :

 17 Figure 1.7: Classification of all allotropes of carbon according to their dimensionality [22].
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 18 Figure 1.8: Structural difference between graphite and graphene. During exfoliation, the graphite structure delaminates and graphene sheets are peeled off [23].
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 1 Figure 1.10: Mechanical (scotch tape) exfoliation scheme of bulk M oS 2 . Source: Ossila website.
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 111 Figure 1.11: Crystal structure of M oS 2 . Schematic shows Mo-Mo, S-S, Mo-S bond distances and S-S planar distances [29].
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 114 Figure 1.14: Principle scheme of the CVD. Source: DropWise website.
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 115 Figure 1.15: Schematic view of a typical PECVD reactor [40].
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 116 Figure 1.16: Principle scheme of the PVD (sputtering & evaporation type)[53] 
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 118 Figure 1.18: Liquid (top) & microfluidics (bottom) nanoparticules (NPs) synthesis.
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 119 Figure 1.19: Schematic diagram of ball milling process [71].
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 1 Figure 1.21: Fig. 1. Lamp ablation system: (a) photograph and (b) schematic. (c) Photograph (through a neutral density filter) of the quartz reactor ampoule during irradiation [78].

Figure 1 .

 1 Figure 1.22: a) Splat cooling device. The sunlight is focused on the cooled metallic holder where the refractory material is melted. b) Centimeter-size ribbons of ultra-fast quenched yttria-doped zirconia/alumina (eutectic composition) [79].
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 123 Figure 1.23: The CNRS 2 kW solar furnace (top left). Solar reactor used for carbon fullerenes and nanotubes synthesis (top right) [79]. Normalized flux distribution at the focal plane of the 2 kW solar furnace (bottom).

Figure 1 . 25 :

 125 Figure 1.25: Mean fullerene yield versus gas flow rate for helium and argon. Helium at 240 ± 10 hPa, target length L=15 cm. Argon at 130 ± 10 hPa, target length L=10 cm (left). Mean fullerene yield versus working pressure for helium 10 sm 3 /h (right). Fullerene yield as a function of the incident solar power density (50 kW solar reactor) [81, 86].
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 126 Figure 1.26: High irradiance solar furnace (15000 suns). Solar irradiation is reflected into the lab from an outdoor heliostat, reflected upward by a flat mirror tilted at 45°(A) to a parabolic dish (B), concentrated through a hole in the flat tilted mirror (A), and further concentrated by an ellipsoidal dish (C) to the focus (F) where the ampul is inserted [98].

Figure 1 .

 1 Figure 1.27: (a) Schematic of home-built CVD system for synthesis of large-size graphene domains. The red dotted line frames constant temperature zone. The orange arrows indicate mixed gas flow (b).The streamline of mixed gas in inserted quartz tube from the simulation calculation.(c)A copper foil after CVD process.(d),(e).(f) Optical images of graphene domains on copper foil treated by H 2 O 2 [113].
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 128 Figure 1.28: Visualization of the flow in the condenser for (a) the cap-free diluter and (b) the cap-diluter, velocity vectors calculated by FLUENT® for the configurations without cap (a) and with cap (b) on the diluter. TEM pictures of bismuth nanoparticles synthesized at standard experimental conditions and with the cap-free diluter (a) and the cap-diluter (b) [55].

Fig. 1 .

 1 30 illustrates the example of such type of CFD simulation performed to characterize the deposition of SiO 2 nanoparticles produced in a turbulent H 2 /Om 2 flame[START_REF] Horender | Deposition of SiO 2 Nanoparticles Produced in a Turbulent H 2 /Om 2 Flame[END_REF] and deposited onto a cylindrical target.
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 130 Figure 1.30: Planar plots of calculated streamwise velocities and temperature [133].
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 131 Figure 1.31: Experimental apparatus (top) and operating conditions (bottom) [80].
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 132 Figure 1.32: Temperature isocontours (a) case 1, (b) case 2, and (c) case 3 [80].

Figure 1 .

 1 Figure 1.33: (a) Contours of velocity (m/s) at 300 L/min, (b-c) contours of mass fraction of aqueous AgN O 3 solution iterated one step at 300 and 600 L/min, (d-f) contours of temperature (K) with the wall temperature at 363 K at (d) 300 L/min and (e) 500 L/min [134].
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 134 Figure 1.34: TEM images of the AgNPs synthesized at volumetric flow rates of (a) 200, (b) 300, (c) 400, (d) 500, and (e) 600 L/min. Histograms in inset indicate the corresponding size distribution. (f) UV-Vis absorption spectra [134].
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 135 Figure 1.35: Heliotron reactor modeling in 2D (left) and 3D (right) [142].
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 136 Figure 1.36: Velocity and temperature contour in argon(a) and helium(b) at 500 hPa [142].
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 137 Figure 1.37: Vibrational and rotational temperatures measured by emission spectroscopy versus distance above a sample melted in argon (1 hPa). The line is the result of FLU-ENT®calculations [142].
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 139 Figure 1.39: Layered structure of graphite and W S 2 [143].
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 14012 Figure 1.40: W S 2 fullerene (left) and nanotube (right) discovered in 1992[START_REF] Tenne | Polyhedral and cylindrical structures of tungsten disulphide[END_REF] 

  1.42).

Figure 1 . 42 :

 142 Figure 1.42: The atomic structures of layered (left) and tubular (middle -zigzag and rightarmchair) transition-metal disulfides of MS 2 type (M = Mo, W). (top) the cross sections and (bottom) the hexagonal sheets are shown for both types of the systems [168, 169].
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 143 Figure 1.43: Comparison of the energy of an M oS 2 monolayer stripe and an M oS 2 single-wall nanotube as a function of size [166].

Figure 1 . 44 :

 144 Figure 1.44: Strain energy as a function of the tube radius R for M oS 2 (dotted black line) and T iS 2 with prismatically (solid red line) and octahedrally (dotted red line) coordinated titanium atoms. For comparison, the calculated strain energies of carbon (solid black line) nanotubes are shown additionally. Inset: (22,0) carbon and M S 2 (M = Mo, W) nanotubes for visualization of the wall thicknesses [167].
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 147 Figure 1.47: Dependence of the energy E tot on the total number of atoms N for M oS 2 nanoseashells (in green) and M oS 2 octahedral fullerenes (in black), where the number k represents the number of curls or walls, respectively [174].

2 and W S 2

 2 IFs and INTs are reviewed below. The first inorganic closed-cage structures (nanotubes, fullerenes) were synthesized in 1992 by Tenne et al. [143] by heating thin films of tungsten in reducing atmosphere of hydrogen sulphide. Later Tenne et al. developed a fluidized bed reactor schemed in Fig. 1.48 enabling the obtention of M oS 2 and W S 2 [164, 177, 178].
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 148 Figure 1.48: Schematic representation of the experimental vertical gas-phase: a, inner tube; b, middle tube; c, nozzles; d, external tube (left). Scheme of the lower part of reactor a, depicting the M oO 3 evaporation, reduction and suboxide nanoparticle formation. The sulfidization of these particles is initiated close to the nozzles' exit (right) [179]. Rao et al. [180] developed a similar approach, applying an hydrogen treatment to ammonium thiomolybdate and ammonium thiotungstate to obtain M oS 2 and W S 2 IFs and INTs.
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 149 Figure 1.49: Tube furnace used by Li et al. [181].

Figure 1 .

 1 Figure 1.52: (a) Schematic representation of the horizontal reactor; (b) temperature profile of the furnace [165].
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 153 Figure 1.53: Schematic of the formation mechanism of M oS 2 nanotubes [187]. Further explanations regarding the formation mechanisms of M oS 2 & W S 2 nanotubes via Vapor-Gas-Solid (VGS) reaction in a quartz porous reaction cell at elevated temperatures (>800°C), were later provided by Zak et al. [165].

Figure 1 .

 1 Figure 1.54: (a) Schematic representation of the INT-W S 2 multistep growth mechanism. (b) Schematic illustration of the proposed growth mechanism for M oS 2 nanotubes [165].
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 155 Figure 1.55: Principle scheme of the XRD (left) [190]. Schematic representation of the bragg equation (right). The dots in the graph correspond to the building blocks of a crystalline material. (Source: Anton Paar website).
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 156 Figure 1.56: Illustration of a laser diffraction measurement using the Mastersizer 3000. Source: Malvern website.

  Fig. 1.57 (left side). These signals are collected by one or more detectors to create images which are then displayed on the computer screen. When the electron beam strikes the surface of the sample, it penetrates the sample over a few microns depth, depending on the accelerating voltage and the density of the sample. Many signals like secondary electrons and X-rays are generated as a result of this interaction inside the sample. Energy Dispersive X-Ray detector (EDX or EDA) incorporated to SEM is generally used to provide elemental identification and quantitative compositional information.The maximum resolution atteinable in an SEM depends on multiple factors like the electron spot size and the interaction volume of the electron beam with the sample. Although, it cannot provide atomic resolution, some SEMs can achieve resolution below 1 nm. Usually, modern full-sized SEMs provide resolution between 1-20 nm, whereas desktop systems can reach a resolution of 20 nm or more.
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 157 Figure 1.57: Outcome products of the electron-material interaction (left). The set-up of a scanning electron microscope (right). Source: technoorg website.

Figure 1 .

 1 Figure 1.58: Side-by-side comparison of a TEM and an optical microscope, with analogous parts connected. Note that the light microscope has been inverted for sake of clarity in the comparison between those two microscope elements. Source : Thermofischer website.

Figure 1 . 59 :

 159 Figure 1.59: The optical electron beam diagram of TEM. Source : chemistry libretext website.

Figure 2 . 2 :

 22 Figure 2.2: Heliotron reactor set-up Inside the Heliotron, primary vacuum could be realized in a balloon volume of 6 L.

Figure 2 . 3 :

 23 Figure 2.3: Sample holders used in the Heliotron reactor

Figure 2 . 4 :

 24 Figure 2.4: Cavity reactor set-up (left) and the adaptation made for injecting sulphur (right).

Figure 2 . 5 :

 25 Figure 2.5: Sample holders used in the Cavity reactor

Figure 2 . 6 :

 26 Figure 2.6: Picture of the Heliotron reactor (left) and the Cavity reactor (right).

Figure 2 . 7 :

 27 Figure 2.7: Retrieving protocol a) Heliotron during the solar irradiation. b) Heliotron after the experiment. c) Retrieving of particles deposited on the cold finger. d) Sonication of the solution of retrieved particles. e) Deposition of the retrieved powder solution on heated microscope blades. f) Grinding of the powder. g) Retrieving of the grinded powder. h) Storage and referencing of processed powders flacons.

Figure 2 . 8 :

 28 Figure 2.8: Description of particle deposition zones in the beaker after decantation of the filter solution (obtained by the sonication of the NPs filter in ethanol solution).

Figure 2 .

 2 Figure 2.9: a) Supernatant particles appearing instantaneously in the balloon at the edges of the solution surface against the balloon wall. b) Supernatant particles deposited on the edges of the filter solution surface against the beaker wall (top beaker edges). c) Supernatant agglomerate of particles above the filter solution in the test tube after ∼ 24 h (left). Supernatant particules locations are circled in red.

Figure 2 . 10 :

 210 Figure 2.10: Preparation of TEM grids [46].

Figure 2 . 11 :

 211 Figure 2.11: Process of the characterization of nanomaterials produced

Figure 2 .

 2 Figure 2.12: Nanoplatelets

Figure 2 . 14 :

 214 Figure 2.14: Nanotubes / Nanorods

  (left). Nanocones/Nanohorns and nanoscrolls are generic forms of the solar ablated M oS 2 powder. The observation of M oS 2 multi-wall nanotubes closed on one end (Fig.2.18a) confirm the formation mechanism of M oS 2 INTs proposed by Brontvein et al.[43]. This latter stating that when sulfidized, the inner nanotube M oO 3-x phase continuously transforms into M oS 2 starting from a base of M oS 2 platelet and progressing to its closed end. Furthermore, double (Fig.2.19a,c,d and e) and single wall nanotubes (Fig.2.19b) were observed in multiple experiments. Such inorganic SWNTs and DWNTs were very scarcely reported in the literature as they are less stable than multi-wall ones and require higher level of energy to be formed (Fig.1.43). This suggests that the extreme conditions (high temperature) in the Heliotron reactor could be conducive to the formation of such M oS 2 DWNTs and SWNTs.ED patterns were also confirming the presence of M oS 2 in the closed cage nanostructures observed as shown in Fig.2.20.
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 2218 Figure 2.17: Nanoscrolls

Figure 2 . 19 :

 219 Figure 2.19: Single and double wall nanotubes

Figure 2 . 20 :

 220 Figure 2.20: M oS 2 nanotubes and fullerene-like nanostructures (left) and the corresponding ED patterns (right). The d-spacings of the two numbered spots correspond to the diffraction peaks of M oS 2 , respectively 101, 103 and 008 lattice planes [49].

Figure 2 . 21 :

 221 Figure 2.21: Tungsten oxide nanorods (left) and the corresponding ED patterns (right). The d-spacings of the numbered spots may correspond to the diffraction peaks of W O 3 , respectively 004, 002 and 112 lattice planes [51] and/or 010 and 113 lattice planes of W 18 O 49 [52].

Figure 2 . 22 :

 222 Figure 2.22: Amorphous agglomerates

Figure 2 .

 2 Figure 2.23: Nanoflakes

Figure 2 .

 2 Figure 2.24: Nanoplatelets

Figure 2 . 25 :

 225 Figure 2.25: Nanorods/Nanowhiskers

Figure 2 . 26 :

 226 Figure 2.26: Amorphous agglomerates

Figure 2 .

 2 Figure 2.27: Nanoflakes

Figure 2 . 28 :

 228 Figure 2.28: Nanorods/Nanowhiskers

Figure 2 .

 2 Figure 2.29: M oO 3 nanoparticles (left) and the corresponding ED patterns (right). The dspacings of the three numbered spots correspond to the diffraction peaks of M oO 3 , respectively -111, 200, 020 and -231 lattice planes [53].

Figure 2 . 30 :

 230 Figure 2.30: M oO 3 nanoparticles (left) and the corresponding ED patterns (right). The dspacings of the three numbered spots correspond to the diffraction peaks of W O 3 , respectively -111, 021 and -202 lattice planes [53].

Figure 2 . 31 :

 231 Figure 2.31: Fullerene-like nanostructures

Figure 2 . 32 :

 232 Figure 2.32: Multi-wall nanotubes

Figure 2 .

 2 Figure 2.33: W S 2 fullerene-like nanostructures (left) and the corresponding ED patterns (right). The d-spacings of the numbered spots correspond to the diffraction peaks of W S 2 respectively 101, 103 and 110 lattice planes[54] 

1 .

 1 The role of suboxide intermediate building block nanostructures in the synthesis of INTs and IFs was confirmed by the experiments made with both reactors. 2. The formation mechanism of M oS 2 /W S 2 INTs and IFs in both reactors abide with the synthesis steps described in previous works, respectively (a) the reduction and (b) the sulfidization [19, 23, 41, 42]. (a) Reduction of M oO 3 /W O 3 into suboxide M oO 3-x /W O 3-x nanostructures. (b) Sulfidization of the suboxide M oO 3-x /W O 3-x nanostructures from outside (encapsulation by sulphide layers) to inside (sulfidization of the suboxide core) until the formation of the final M oS 2 /W S 2 hollow-closed nanostructures.

Figure 3 . 1 :Figure 3 . 2 :Figure 3 . 3 :Figs. 3 .

 3132333 Figure 3.1: Simulation matrix (left), simulation cell (right.)

Figure 3 . 4 :Figure 3 . 5 :

 3435 Figure 3.4: Different size distribution for cooking experiment from 1200°C to 1500°C

Figure 3 . 6 :

 36 Figure 3.6: Formation mechanism steps of M oS 2 nanotubes. (1) Vapour of M oO 2 and M oO 3 leading to (2) M oO 3-x nanowhiskers that are sulfidized (oxide to sulphur conversion) from (3) outside (encapsulation by M oS 2 layers) to (4) inside (sulfidization of the oxide core from an open end to the closed one) until being transformed in (5) hollow cored M oS 2 nanotubes (closed on one end or opened on both ends).

Figure 3 . 7 :

 37 Figure 3.7: (a,c,d) M oO 3-x nanowhiskers. (b) ED patterns corresponding to (a) TEM image. The d-spacings of the two numbered spots correspond to the diffraction peaks of M oO 3-x phases, presumably 112 (M o 4 O 11 (yellow)), 011 (M oO 3 (red)), 421 (M o 4 O 11 ) and 300 (M oO 3 ) lattice planes [20, 21]. Step (2).

Figure 3 . 8 :

 38 Figure 3.8: M oO 3-x nanowhisker (step (2)) and hollow M oS 2 nanotube (step (5)) with one closed end (left). Elongated M oS 2 nanoparticle filled with oxide core (step (3)), and hollow M oS 2 nanotube (step (5)) with one closed end (right).

Figure 3 . 9 :

 39 Figure 3.9: Multiwall (left), doublewall (center) and single wall (right) hollow M oS 2 nanotubes.Step(5).

Figure 3 . 10 :

 310 Figure 3.10: Formation mechanism steps of M oS 2 fullerene-like nanostructures -Summary. (1) Vapour of M oO 2 and M oO 3 leading to (2) M oO 3-x nanoclusters that are sulfidized (oxide to sulphur conversion) from (3) outside (encapsulation by M oS 2 layers) to inside (sulfidization of the oxide core) until being transformed in (4) hollow cored M oS 2 fullerene-like nanostructures.

Fig. 3 .

 3 Fig. 3.11 (left) presents singlewall closed nanoparticles (fullerene-like-IFs) filled with oxide core while Fig. 3.11 (right) shows a multiwall closed nanoparticle filled with oxide core. Dedicated HAADF and STEM-EDS analyses of such core-shell nanoparticles are exhibited in section 3.2.1.When sulfidized, such core-shell type nanoparticles are transformed into hollow closed M oS 2 fullerene-like nanostructures as illustrated in Fig.3.12.

Figure 3 . 11 :

 311 Figure 3.11: M oS 2 fullerene-like nanoparticles filled with oxide core. Step (2) and (3).

Figure 3 . 12 :

 312 Figure 3.12: M oS 2 fullerene-like nanostructures with hollow core. Step (4).

3. 2

 2 Characterization of unconventional M oS 2 nanostructures synthesized within the Heliotron reactor The work presented in this specific section is the result of a collaboration of our lab team (Françoise Bataille a,e , Alexis Vossier a , Gilles Flamant a ) with Reshef Tenne b , Jeffrey M. Gordon f Rita Rosentsveig b , Olga Brontvein c , M.B. Sreedhara b , Kai Zheng d and Ivano E. Castelli d , and lead to the publication of a dedicated article available in section B.7 of appendix B. The powders were synthesized in France (PROMES-CNRS), the specific characterization of synthesized powders were realized, analyzed and commented by the Israeli team (WIZ & BGU), and the MD simulations were carried by the Danish team (DTU).

Figure 3 . 13 :

 313 Figure 3.13: TEM image (left) and corresponding HAADF image (right) of a core-shell M oO 3 @IF-M oS 2 nanoparticles.

Figure 3 . 14 :

 314 Figure 3.14: HAADF image (a) and corresponding STEM-EDS mapping (b) of a core-shell M oO 3 @IF-M oS 2 nanoparticles.

Figure 3 . 15 :

 315 Figure 3.15: STEM image (a) and STEM-EDS (b) analysis of core-shell SiO 2 @IF -M oS 2 nanoparticles and (c) overlay of sulfur and silicon chemical map signals to distinguish the core and shell.

3. 2 . 2 M oS 2

 222 Double wall and single wall nanotubesAmong the experiments carried in the Heliotron reactor where the solid precursor was a mixing of M oS 2 and M oO 3 , single-wall and double-wall nanotubes were found in the powders retrieved from several experiments while MWNT were almost found in every experiment.Additionally to the M oS 2 INTs and IFs that were noticed in the experiments performed in the Heliotron reactor, different kind of W S 2 IFs and INTs were observed in the experiments executed in the Cavity reactor. The appearing of M oS 2 SWNTs and DWNTs yet rarely observed raised specific questions relative to their formation through the solar process at stake with solar ablation within the Heliotron reactor.Characterization of DWNTsTEM analysis revealed many doublewall M oS 2 tubes, a representative example of which is shown at two magnifications in Fig.3.16a and b. About half of the nanotubes were open ended, suggesting that they formed rapidly (the reaction to close the tip is likely to go slower). A few more images of such doublewall tubes are shown in Fig. B.8 of the appendix B. Most characteristically, the external diameter of the doublewall nanotubes varied between 6-14 nm.

Figure 3 .

 3 Figure 3.16: (a) High-resolution TEM image of an individual doublewall M oS 2 nanotube which is part of a fullerene-like nanostructure. The flakes in the background are clearly visible. (b) A further magnified image shows the open-ended structure of a doublewall nanotube. (c and d) FFT images collected from the image (b). The FFT are collected separately from the (c) flat flake and (d) the nanotube (on top of the flake). The spots from the nanotube and the background flake are clearly distinguishable. The FFT in (d) shows the streaky hexagonal pattern (yellow hexagon) of the doublewall M oS 2 nanotube and six pairs of sharp spots (on the orange hexagon) corresponding to the underlying M oS 2 flakes. (100) d=2.7 Å and (110) d=1.6 Å. NT stands for nanotube.

Figure 3 . 17 :

 317 Figure 3.17: Outer (left) and inner (right) diameter of DWNTs against their visible length.

Figure 3 .

 3 Figure 3.18: STEM-EDS and HAADF analysis of a typical doublewall M oS 2 nanotube.

  Fig. B.7, along with multiwall M oS 2 nanotubes with narrow diameters (<50 nm, see for example Fig. B.6

Figure 3 .

 3 Figure 3.19: (a,b) Low and high magnification TEM images of a singlewall M oS 2 nanotube, which were appreciably less abundant than the doublewall tubes. The FFT image in the inset of (a) is collected from the tip of the singlewall nanotube (yellow square). Since this part of the nanotube falls outside the M oS 2 flake, and the background carbon film is amorphous, the hexagonal spots observed are purely from the singlewall M oS 2 tube. The characteristic (100) Bragg plane with the interplanar spacings of 2.7 Å is marked. It should be noted that the (002) reflections are missing.

Figure 3 . 20 :

 320 Figure 3.20: Snapshots of equilibrium structures of mono-, bi-and multi-layer M oS 2 after annealing at 800 ℃ at the end of 5000 fs by molecular dynamics simulations. The yellow and purple spheres represent the S and Mo atoms, respectively.

Fig. 3 .

 3 21 displays a multiwall M oS 2 nanocone (nanohorn) and a doublewall nanohorn in the bottom-right. Fig. B.11 of appendix B shows HAADF (a) and TEM (b) micrographs of another two multiwall nanohorns of a quite a similar morphology.

Figure 3 . 21 :

 321 Figure 3.21: TEM images of multiwalled and doublewalled nanohorns of M oS 2 tilted at (a) 0°, (b) 20°and (c) 40°. The FFT pattern in the inset of the image is collected from the flakes in the background of the nanohorn. (d-f) The FFT pattern collected from the multiwall nanohorn region. The spots identified in the red ellipse correspond to the sidewalls of the nanohorn and are rotated by 30°. The spots identified in the cyan ellipse are perpendicular to the one in the red ellipse and correspond to the apex layers of the nanohorn. The Bragg planes (100) and (002) are marked by measuring the interplanar spacings. NH and FL stand for nanohorn and flakes, respectively. MW and DW stand for multiwall and doublewall, respectively. The purple spots adjacent to the (100) diffractions in (d) reflect the conical shape of the multiwall nanohorn.

Figure 3 .

 3 Figure 3.22: TEM micrograph of (a) doublewall M oS 2 nanohorn with an acute angle and (b) a M oS 2 nanosheet, partially scrolled at its two edges. Schematic representations of the morphologies are depicted in (c).

Fig. 3 .

 3 Fig. 3.23 reveals two unique hollow-cage nanostructures observed here. In (a) a doublewall triangular M oS 2 nanostructure, is displayed. In analogy to the triangular nanostructure shown in Fig. B.9a, this nanostructure is probably a 2D projection of a tetrahedra made of four triangles disposed in the vertices of the honeycomb M oS 2 lattice, symmetrically[39]. The precise structure of such tetrahedra is yet to be precisely elucidated. Fig.3.23b displays the 2D projection of a multiwall nanooctahedron made of six rhombi disposed in the vertices of the honeycomb M oS 2 lattice, symmetrically. This nanostructure was discussed quite extensively in the literature, see for example Refs.[40][41][42]. Most remarkably, in agreement with a previous work[42], while the inner M oS 2 walls of this nanooctahedron are made of sharp cusps, the outermost layers accommodate a much more rounded shape.

Figure 3 . 23 :

 323 Figure 3.23: TEM images of (a) a nanotriangle (possibly the projection of a nanotetrahedron) and (b) a multiwall nanooctahedron and doublewall nanohorn found in the solar ablated material.

52 Figure 3 . 24 :

 52324 Figure 3.24: Number of nanotubes (INTs) layers against their outer diameter (left). Diameter of the M oS 2 nanotubes against their length (right).

59 Figure 3 . 25 :

 59325 Figure 3.25: Number of layers of Fullerene-like structures (IFs) against their mean outer size.

Fig. 4 .

 4 Fig. 4.2 shows a schematic of the flow visualization experimental setup. A laser sheet was created using the shaping of the He-Ne laser (15 mW) beam through the light sheet optics composed of a cylindrical rod (Ø 10 mm) and a convex lens (focal length = 1000 mm).

Figure 4 . 1 :

 41 Figure 4.1: Designed sample holder for flow visualization experiment.

Figure 4 . 2 :

 42 Figure 4.2: Schematic diagram of the flow visualization experiment.

Figure 4 . 3 :

 43 Figure 4.3: Mesh used in the calculation.

Figure 4 . 4 :

 44 Figure 4.4: Thermal and dynamic boundary conditions implemented.

. 5 )

 5 with T ref = 300 K, µ the viscosity and S the Sutherland temperature of argon. The viscosity of argon at 298 K (µ(T ref )) equals 22.7 µPa.s[50][51][52].

Fig. 4 .

 4 Fig.4.5 presents snapshots of the flow field within the reactor for jet-velocities varying between 0.2 m/s and 10 m/s. The time on the left corresponds to the injection and seeding starting. Three flow regimes are observed in this configuration. From V jet = 0.1 m/s to V jet = 0.7 m/s the laminar jet flow goes straight up and by reaching the cold finger forms vortexes under the cold finger. Those vortexes tend to widen themselves as the jet velocity increases. The general flow is laminar, the vortexes are lasting over the recording time of visualization. From V jet = 0.8 m/s to V jet = 1 m/s, the jet flow remains laminar until the cold finger, the jet rebound evolves to a transitional regime in which the jet rebound from the cold finger oscillates to the top lateral side of the balloon testifying of significant perturbations induced by the obstacle encountered. The vortexes break themselves in oscillating transient flow along the lateral reactor wall. From V jet = 1.5 m/s to V jet = 10 m/s, the laminar length of the jet reaches the cold finger up to V jet = 5 m/s (Re jet ∼ 2200) in agreement with the observations made on free round non-buoyant jet[58][59][60]. At V jet = 10 m/s, the jet flow is definitely turbulent as illustrated by the splayed shape of the jet just after the orifice. The jet rebound of the flow is definitively in unsteady turbulent regime right from 1m/s as depicted by the high shear stress region between the jet rebound and the surrounding flow and the eddies formed. The jet rebound separates itself in two distinct recirculation zones at the level of the wall. One small recirculation zone at the top with high velocity gradients, the flow goes up to the outlet, a part of this

  Fig. C.4).

  4.7 using the jet flow as the exclusive seeding channel. The time indicated on the left corresponds to the injection and seeding starting. The observations made for case 1 are in agreement wih the observations made for case 2 above. For jet velocities under 1.48 m/s, the jet flow is highly perturbated by the shear stress induced by the difference of both flow velocity, as shown by the unstable movements of the seeded jet flow. For 2 m/s < V jet < 3 m/s, the jet flow is laminar up to the cold finger, until being caught in a bind between the bottom edge of the cold finger and the coming sweeping flow. Above V jet = 5 m/s, the flow is turbulent from the very beginning. Time V jet = 0.2 m/s V jet = 0.8 m/s V jet = 1.25 m/s V jet = 2.5 mjet = 5 m/s V jet = 10 m/s Time V jet = 5 m/s V jet = 10 m

Figure 4 . 5 :

 45 Figure 4.5: Snapshots of the flow within the Heliotron reactor when injection and seeding are set at t = 0 s (jet flow injected only).

Figure 4 . 6 :

 46 Figure 4.6: Snapshots of the flow within the Heliotron reactor when injection is set at t = 0 s and seeding are set at t = 3 min (jet flow and sweeping are injected), V sweeping = 1.48 m/s.

Figure 4 . 7 :

 47 Figure 4.7: Snapshots of the flow within the Heliotron reactor when injection and seeding are set at t = 0 s (jet flow and sweeping flow injected), V sweeping = 1.48 m/s.

Figure 4 . 8 :RSMFigure 4 . 9 :Figure 4 . 10 :Figure 4 . 12 :

 4849410412 Figure 4.8: Velocity contours and pathlines with and without wall law, V jet = 30 m/s, velocity colour scale : 0-30 m/s, P in = 1 bar, V sweeping = 1.48 m/s.

Figure 4 . 13 :

 413 Figure 4.13: Velocity contours and pathlines for P in = 1 mbar (left) and P in = 1 bar (right), V jet = 30 m/s, velocity colour scale : 0-30 m/s, V sweeping = 1.48 m/s.

Fig. 4 .

 4 Fig. 4.14 presents a set of comparison between the simulated velocity pathlines and a set of snapshots of the corresponding flow visualization for the same boundary condition set-up. The velocity pathlines for V jet = [0.1,1,3] m/s and V sweeping = 1.48 m/s with aside the flow

Figure 4 . 14 :

 414 Figure 4.14: Comparison of simulation results with flow visualization realized for the same boundary condition set-up.

Figure 4 . 16 :

 416 Figure 4.16: Simulated temperature profile from the crucible (velocity-inlet of the jet) to the bottom tip of the cold finger (CF) for V jet = 1 m/s and 10 m/s, P in = 1 bar, V sweeping = 1.48 m/s, T jet = 1500 K.

Figure 4 . 17 :

 417 Figure 4.17: Residence time until different zones of the Heliotron reactor against jet inletvelocity magnitude (T jet = 1500 K, P in = 1 bar).

Figure 4 . 18 :

 418 Figure 4.18: Quenching temperature at different zones of the Heliotron reactor against jet inletvelocity magnitude (T jet = 1500 K, P in = 1 bar).
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 1 Figure A.1: Schematic diagram of the three-layer method

Figure

  

Figure A. 5 :

 5 Figure A.5: Scheme of the experimental set-up of the hot-disc method

Figure A. 6 :α

 6 Figure A.6: Schematic diagram of the hot-disc method

Figure A. 7 :

 7 Figure A.7: Temperature of top and bottom thermocouples against time during the measurement. Porosity = 0.71

Figure A. 8 :

 8 Figure A.8: Linear regressions of the four experiment in semi-infinite configuration carried with the hot disc method.

  the thermal conductivity of Bulk M oS 2 in the form of a function λ(T ) = A T + B with A and B constant for the temperature range 100-800 K (see Figs. A.10, A.11, A.12 and A.13).

Figure A. 10 :

 10 Figure A.10: Basal-plane thermal conductivity of bulk M oS 2 as a function of temperature.Blue dot is the experimental data from pumpprobe measurement[2].

Figure A. 11 :

 11 Figure A.11: Cross-plane thermal conductivity of bulk M oS 2 as a function of temperature. Blue and Green dots are the experimental data from pump-probe measurement. [2]

Figure A. 13 :

 13 Figure A.13: Temperature dependence of in-plane thermal conductivity of M oS 2 bilayer from 100 to 500 K. The inverse relationship between thermal conductivity and temperature (k ≈ 1/T) indicates the Umklapp scattering is dominant at this temperature range [4].

Figure A. 14 :

 14 Figure A.14: Thermal conductivity [W/m.K] of argon in the temperature range 350-2500 K [5]

Figure A. 15 :

 15 Figure A.15: Thermal conductivity calculated from 1-TL (blue marker) and 1-HD, 2-HD ,3-HD and 4-HD (red cross) experiments, and predicted thermal conductivity of M oS 2 powder by the different models in ambient air considering a mean value of λ p = 12W/m.K for M oS 2 particles against porosity.

Figure A. 16 :

 16 Figure A.16: Thermal conductivity of M oS 2 powder (P=0.7, λ p = 12 W/m.K) in argon (dilute gas) predicted by the different models against temperature.

Figure A. 18 :

 18 Figure A.18: Thermal conductivity of M oS 2 powder(P=0.7, λ p = 12W/m.K) in argon (dilute gas) predicted by the models against temperature.

Figure B. 2 :Figure B. 3 :

 23 Figure B.2: Configurations of each experiments, M oS 2 powder in blue, lower/upper alumina crucible and cap in white (set in a graphite enveloppe which is placed in the blackbody cavity).

B. 2 Figure B. 4 :

 24 Figure B.4: Temperature recordings of the BN cold finger conical tip during solar experiments for different cold finger-crucible distances d. For each of the three experiments, shutter opening was 100%, the DNI was within the range 910-975 W/m 2 , P in =1 bar and irradiation duration of 2 min.

B. 4 . 4

 44 Figure B.9: TEM micrographs of the unusual core-shell nanostructures containing a silica core conformably coated with one layer of M oS 2 . Schematic representation of the nanostructures in (a) and (b) are shown in (c).

Figure B. 10 :Remarks 1 .

 101 Figure B.10: Suggested formation mechanism of SiO 2 @IF-M oS 2 within the Heliotron reactor.

Figure B. 12 :

 12 Figure B.12: Outer diameter/mean size (left) and number of layers (right) of the M oS 2 nanotubes and fullerenes against the sweeping flowrate

  2.1 of section 2.1). It resulted in finding that the incongruent pattern of M oS 2 was inevitable, and that lowering the pressure was just leading to a violent projection of solid precursor chunks and thermodissociation products (M o, M o 2 S 3 ) over the balloon walls (Fig. B.14). By identifying the key role of M oO 3 in the formation of M oS 2 INTs and IFs, atmospherical operating pressure was preferred in order to favor the atomic interactions between molybdenum oxides vapour and sulphur vapour (Fig. B.14).

Figure B. 14 :

 14 Figure B.14: Photograph of solar ablation of M oS 2 at 1 mbar (left) and photograph of solar ablation of a mixing of M oS 2 (34%)+M oO 3 (66%) at 1 bar.

  Figs. B.15 and B.16 (average values). In quantitative terms, the vaporization flowrate of the solid precursor increases with the solar flux at the focal zone (Fig. B.17). Therefore, as the amount of NPs generated is directly proportional to the amount of solid precursor vaporized, the overall quantity of NPs synthesized increases with the solar flux.

Figure B. 15 :Figure B. 16 :

 1516 Figure B.15: Outer diameter/mean size (left) and number of layers (right) observed against the diameter of the M oS 2 nanotubes (left) and fullerenes (right).

8 47 Figure B. 17 :

 4717 Figure B.17: Vaporization flowrate of the solid precursor against the solar input. The vaporization flowrate was calculated by dividing the total weight loss in the crucible (when available) by the irradiation time (T irrad ).

Figure B. 18 :

 18 Figure B.18: Average outer diameter (left) and number of layers (right) of nanotubes and fullerenes observed against the solid precursor mixing ratio, A and B being the two different mixing ratios of M oS 2 and M oO 3 implemented. A: M oO 3 (34 wt%)+M oS 2 (66 wt%), B: M oO 3 (20 wt%)+ M oS 2 (80 wt%).
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 1920 Figure B.19: Average outer diameter/size (left) and number of layers (right) of M oS 2 nanotubes and fullerenes observed against the cold finger to crucible distance

Figure B. 21 :Figure B. 22 :

 2122 Figure B.21: Number of nanotubes layers against their outer diameter (left) and number of fullerenes layers against their outer mean size (right), respectively to three collection zones: the cold finger (CF), the balloon and the filter.
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B. 7 1 | INTRODUCTION 1 . 1 |

 7111 Manuscript submittedWe report the synthesis of fundamentally small M o S 2 nanotubes, and nanocones(horns), as well as core-shell nanoparticles, via ablation of a precursor mixture of crystallites of M oO 3 + M o S 2 by highly concentrated solar radiation in a solar furnace. Extensive electron microscopy and characterization results reveal a range of nanoparticle shapes, sizes and compositions that have proven elusive in prior studies. Their formation is placed in perspective relative to comparable nanostructures from carbon B N , and M o S 2 including consideration of the respective energies for molecular folding. Molecular dynamics simulations indicate that the thermal fluctuations produced in high-temperature reactors soften the M o S 2 nanostructures, yielding corrugated layers that favor nanostructures with only a few layers. The applied value of such nanostructures and the motivation for continuing investigations are also addressed.Perspective on nanostructures produced from layered compoundsTransition metal dichalcogenide (TMDC) compounds with a layered structure, e.g., M o S 2 , are capable of forming an assortment of nanoparticles that have proven of both fundamental and applied interest. Nanostructures of rolled-up M o S 2 layers (nanoscrolls) were first prepared via heating amorphous M o S x at 400 °C for a few hours[1]. Following the discovery of carbon nanotubes, multiwall W S 2[2] and M o S 2[3] nanotubes were obtained by the reaction of their respective M O 3 (M = M o and W ) nanoparticles in H 2 S under a mildly reducing atmosphere at 800-1000 °C.

Fig. 1a shows 2 (

 2 Fig.1ashows a schematic of the solar facility used to ablate a mixture of M oO 3 (Alfa Aesar (99.95% pure) and M o S 2 (Sigma Aldrich (98% pure)) powders. The solar tracking heliostat reflects the beam radiation to a paraboloidal dish

  Fig. S6c shows the electron diffraction of the multiwall nanotube shown in Fig. S6b. Its growth axis is represented by the purple double arrow. There are twelve spots corresponding to two sets of hexagonal (100) Bragg planes. The splitting here is due likely to the rotation of the nanotube layers by approximately 30 °. Hollow closed-cage few-and multiwall M o S 2 nanostructures were also found in the ablated powder, Fig. S7 displays two of them. While the multiwall nanostructures were mostly faceted, the few-wall nanoparticles were more rounded (vide infra). F I G U R E 2 (a) High-resolution TEM image of an individual doublewall M o S 2 nanotube which is part of a fullerene-like structure. The flakes in the background are clearly visible. (b) A further magnified image shows the open-ended structure of a doublewall nanotube. (c and d) FFT images collected from the image (b). The FFT are collected separately from the (c) flat flake and (d) the nanotube (on top of the flake). The spots from the nanotube and the background flake are clearly distinguishable. The FFT in (d) shows the streaky hexagonal pattern (yellow hexagon) of the doublewall M o S 2 nanotube and six pairs of sharp spots (on the orange hexagon) corresponding to the underlying M o S 2 flakes. (100) d=2.7 Å and (110) d=1.6 Å. NT stands for nanotube.

F

  Fig. S8a-c shows a group of such nanoparticles. STEM-EDS analysis revealed that they were actually core-shell type Si O 2 @IF-M o S 2 . Detailed STEM-EDS mapping of the nanoparticles (Fig. S8b and c) clearly revealed that, while their shell consists of M o S 2 , their core is composed of silicon and oxygen. Most likely, the core-shell Si O 2 @IF-M o S 2 nanoparticles were obtained by vaporization of part of the crucible. The vaporized silica rapidly cooled down and condensed into amorphous rounded particles of silica. Subsequently, the Si O 2 nanoparticles were conformably coated by condensation of 1-2 nm thick M oO 3-x vapors. The M oO 3-x coating was sulfurized to form closed layers of M o S 2 encapsulating the amorphous Si O 2 nanoparticle, forming core-shell Si O 2 @IF-M o S 2 nanoparticles. An alternative explanation to this growth model is as follows. The preparation of the reacting mixture was made by vigorous mixing the M oO 3 /M o S 2 powder in a pyrex beaker. This protocol can result in the addition of small Si O 2 particles in the initial powder, which co-evaporate with the M o S 2 powder by the focused solar beam and condense upon cooling.

Fig. S9 displays

  Fig. S9 displays another unique core-shell nanostructure revealed in these experiments. Here, the silica core was conformably coated by a singlewall M o S 2 layer. Particularly interesting is the triangular shaped core-shell nanostructure, which could be a 2D projection of a nanotetrahedron. Here, each of the corners of the closed triangular nanostructure contains one triangle giving rise to a 60 °inclination [54]. Several such triangular shaped core-shell

Fig. 4

 4 displays a multiwall M o S 2 nanocone (nanohorn) and a doublewall nanohorn in the bottom-right. Fig.S11shows HAADF(a) and TEM (b) micrographs of another two multiwall nanohorns of a quite a similar morphology. Since the contrast is sharper for the multiwall nanohorn and the FFT analysis is clearer, the analysis below was carried out on the multiwall nanohorn. Tilt-ing the nanohorn at different angles (0-40°) shows that its overall shape was preserved. To the right of the multiwall nanohorn, a doublewall nanocone is evident which also conserves its overall shape when tilted. The inner layers of the multiwall nanocone tilted at 20 (b) and 40 °(d) seem to end in a sharp tip, while the outer layers fold smoothly with no acute-angle cusps, indicating that the M o S 2 layer can fold to acute angles continuously without being damaged. Fig.S12adisplays a doublewall nanohorn terminating at an acute angle. The fact that the M o S 2 layer can fold with such a sharp angle continuously is rather surprising and calls for future detailed calculations of such unique structures. The FFT patterns in Fig 4d-f were collected from the mutiwall nanohorn shown in Fig. 4a-c, respectively. The nanohorn is placed on the M o S 2 flake and the FFTs in Fig. 4d-f consist of the FFTs of the two kinds of M o S 2 morphologies.For reference purposes, the FFT image from the underside of the M o S 2 flake is shown in the inset of the respective images (Fig.4a-c). The FFT pattern of the nanowall (without any tilting-Fig.4a) shows two sets of hexagonal spots which are rotated by 30 °with respect to each other. These spots show two-fold rotations and are assigned to the (100) plane. F I G U R E 4 TEM images of multiwalled and doublewalled nanohorns of M o S 2 tilted at (a) 0°, (b) 20°and (c) 40°. The FFT pattern in the inset of the image is collected from the flakes in the background of the nanohorn.. (d-f) The FFT pattern collected from the multiwall nanohorn region. The spots identified in the red ellipse correspond to the sidewalls of the nanohorn and are rotated by 30 °. The spots identified in the cyan ellipse are perpendicular to the one in the red ellipse and correspond to the apex layers of the nanohorn. The Bragg planes (100) and (002) are marked by measuring the interplanar spacings. NH and FL stand for nanohorn and flakes, respectively. MW and DW stand for multiwall and doublewall, respectively. The purple spots adjacent to the (100) diffractions in (d) reflect the conical shape of the multiwall nanohorn.

3. 5 |

 5 Partial scrolling of few-layer M o S 2 flakes Another generic form of the ablated M o S 2 , i.e. nanoscrolls, is shown in Fig. S12b. Seemingly, two edges of the triangular-shaped thin M o S 2 flake started to roll in on themselves, forming nanoscrolls at each of the two edges. This form indicates that the heated thin triangular M o S 2 flake softens and becomes flexible, lowering its scrolling energy.

Fig. S13 reveals

  Fig. S13 reveals two unique hollow-cage nanostructures observed here. In (a) a doublewall triangular M o S 2 nanostructure, is displayed. In analogy to the triangular nanostructure shown in Fig. S9a, this nanostructure is probably a 2D projection of a tetrahedraon made of four traingles disposed in the vertices of the honeycomb M o S 2 lattice,

MD simulations were usedFig. 5 .

 5 Fig. 5. It is clear that there is a significant corrugation of the layers in the mono-and bi-layer, which almost disappears in the multilayered structure. The variance of the vertical displacements (c-direction) in the Mo atoms are 1.4 Å, 0.87 Å, and 0.44 Å for the mono-, bi-, and multilayers, respectively. These results indicate that the multilayer M o S 2 is reducing the corrugation of the individual layers compared with mono-and bi-layer M o S 2 . Assuming that the nanotubes form via layer-by-layer deposition, the high degree of corrugation in the mono-and bilayer cases establishes a kind of kinetic barrier to the growth of multiwall nanotubes. Given the rapid cooling rate of the vaporized M o S 2 , this kinetic barrier can partially explain the preferred occurrence of the double layer nanotubes.

  Fig. C.1).

Figure C. 1 :

 1 Figure C.1: Meshes used for the mesh convergence with their corresponding simulated velocity contours for an established unsteady turbulent regime, V jet = 30 m/s, V sweeping = 1.48 m/s, velocity colour scale : 0-30 m/s, P in = 1 bar .In order to increase the simulation accuracy within the simulated flow field where high velocity gradients are occurring, mesh refinements were applied in specific zones, namely the reactor's walls, the sample holder and the crucible, as shown in Fig. C.2.

Figure C. 2 :Figure C. 3 :Figure C. 4 : 2 r

 2342 Figure C.2: Non-refined mesh (left) and refined mesh (right) with their corresponding simulated velocity contours for an established unsteady turbulent regime, V jet = 30 m/s, V sweeping = 1.48 m/s, velocity colour scale : 0-30 m/s, P in =1 bar. For the following steps of the numerical verification, the refined mesh depicted in Fig. C.2 was finally retained.

Figure C. 6 :C. 7 Figure C. 7 :

 677 Figure C.6: Typical velocity pathlines in the reactor

D. 1

 1 Contexte et État de l'art de la synthèse de nanostructures à partir de matériaux 2D par voie solaire D.1.1 Nanomatériaux Les nanomatériaux sont une classe remarquable des matériaux, qui possèdent de nombreuses propriétés physiques, mécaniques, électriques ou optiques originales, avec un large éventail d'applications. Pour mieux appréhender les dimensions des nano-objets, il faut garder à l'esprit l'ordre de grandeur suivant : un nanomètre correspond à 10 atomes d'hydrogène alignés.

Figure D. 1 :

 1 Figure D.1: Rapport spécifique surface/volume obtenu avec des nanomatériaux. Source : site web cosmeticobs

Figure D. 2 :

 2 Figure D.2: Schéma d'un matériau 2D hétéro-structuré [4].

•••D. 1 . 4

 14 Pas de gradients de composition• Coût élevé pour les composés d'une pureté suffisante• Problèmes de sécurité et de contamination Vide et températures élevés nécessaires• Besoin d'un équipement de refroidissement• Vitesse de dépôt lente Presque tous les matériaux peuvent être ablatés à des fins de synthèse.• Bon contrôle de la stoechiométrie et de la composition de la phase• Vide très élevé nécessaire Modélisation des écoulements dans les réacteurs de synthèse de nanomatériauxD.1.5 Structures inorganiques en cage ferméeAprès la découverte des fullerènes[19] et nanotubes de carbone[20], une attention particulière a été portée aux formes cylindriques (nanotubes) et polyédriques (fullerènes) associées au graphite (Fig.D.3). L'analogie entre la structure en couches du graphite et les composés M X 2 (M est W ou Mo, X est S ou Se), suggère que des polyèdres fermés peuvent également exister dans ces derniers composés. Cette hypothèse a été émise et vérifiée expérimentalement par Tenne et al. pour la première fois en 1992 avec le W S 2 , un composé semi-conducteur en couches[21].

Figure D. 3 :

 3 Figure D.3: Mère des formes graphitiques. Par analogie avec le graphite, une monocouche de structure stratifiée peut être enveloppée dans des boules 0D, roulée dans des nanotubes 1D ou empilée pour former un matériau brut 3D [22].

Figure D. 4 :

 4 Figure D.4: Comparaison de l'énergie d'une bande monocouche de M oS 2 et d'un nanotube à paroi unique M oS 2 en fonction de la taille [23] (à gauche). Dépendance de l'énergie par atome E T /N par rapport au nombre total d'atomes N pour diverses nanostructures de M oS 2 : nanoplaquettes triangulaires, fullerènes octaédriques avec k couches et nanoparticules sphériques de type fullerène avec k couches [24] (à droite).

Figure D. 6 :

 6 Figure D.6: Configuration d'un microscope électronique à balayage (à gauche). Source: Site web technoorg. Comparaison côte à côte d'un MET et d'un microscope optique, avec des parties analogues reliés (à droite). Source : Site web Thermofischer.

  Pour chaque campagne expérimentale, le processus décrit dans la Fig. D.9 a été suivi. La composition des poudres synthétisées est d'abord identifiée par DRX, les propriétés macroscopiques (structures et distribution de la taille des particules) sont caractérisées par MEB. Par la suite la microscopie MET est réalisée sur les échantillons les plus prometteurs afin d'observer en détail les nanostructures produites, leurs structurations internes (creuse/pleine) et leur cristallinité.

Figure D. 9 :

 9 Figure D.9: Procédés de caractérisation des nanomatériaux produits.

Figure D. 10 :

 10 Figure D.10: Image MEB de nanotubes (M oS 2 )/nanobâtonnets (M oO 3-x ) (à gauche), image MET d'un nanotube de M oS 2 à double parois (au centre), et images MET d'une nanostructure de M oS 2 de type fullerène (à droite).

Figure D. 11 :

 11 Figure D.11: Nanooctahèdre de W S 2 déformé (à gauche), nanostructures de W S 2 de type fullerène (au centre) et nanotube de W S 2 multi parois (à droite).

Figure D. 12 :

 12 Figure D.12: Étapes du mécanisme de formation des nanotubes de M oS 2 . (1) Vapeur de M oO 2 et de M oO 3 conduisant à (2) des nano-bâtonnets de M oO 3-x qui sont sulfurés (conversion de l'oxyde en soufre) de (3) l'extérieur (encapsulation par des couches de M oS 2 ) vers (4) l'intérieur (sulfuration du coeur d'oxyde depuis l'extrémité ouverte vers l'autre fermée) jusqu'à ce qu'ils soient transformés en (5) nanotubes creux.

Figure D. 13 :

 13 Figure D.13: Nanobâtonnets de M oO 3-x . Étape (2) (à gauche). Nanoparticule de M oS 2 allongée avec un coeur d'oxyde (étape (3)) et nanotube de M oS 2 creux (étape (5)) avec une extrémité fermée (au centre). Nanotube de M oS 2 creux (étape (5)) ouvert au niveau des deux extrémités (à droite). La figure D.15 (à gauche) présente une nanoparticule fermée à parois multiples avec un noyau d'oxyde. Lorsque ces nanoparticules de type noyau/coquille sont sulfurées, celles-ci sont transformées en nanostructures de M oS 2 creuses de type fullerène, comme illustré sur la figure D.15 (à droite).

Figure D. 14 :

 14 Figure D.14: Étapes du mécanisme de formation des nanostructures de type fullerène M oS 2 -Résumé. (1) Vapeur de M oO 2 et de M oO 3 conduisant à (2) des nanoclusters de M oO 3-x qui sont sulfurés (conversion de l'oxyde en soufre) de (3) l'extérieur (encapsulation par des couches de M oS 2 ) vers l'intérieur (sulfuration du coeur d'oxyde M oO 3-x ) jusqu'à ce qu'ils soient transformés en (4) nanostructures de M oS 2 de type fullerène à noyau creux.

Figure D. 15 :

 15 Figure D.15: Nanoparticule de M oS 2 de type fullerène avec un noyau d'oxyde. Étape (3) (à gauche). Nanostructure de M oS 2 de type fullerène avec un noyau creux. Étape (4) (à droite).

Figure D. 16 :

 16 Figure D.16: Analyses METB-SDE et CSAGA d'un typique nanotube de M oS 2 à double parois. La figure D.17a montre un nanocorne/nanocone à double paroi qui se termine par un angle aigu. Une autre forme générique du M oS 2 ablaté, les i.e. nanorouleaux, est représentée sur la Fig. D.17b.

Figure D. 17 :

 17 Figure D.17: Micrographie MET de (a) un nanocorne de M oS 2 à double paroi avec un angle aigu et (b) une nanorouleau de M oS 2 , partiellement déroulée sur ses deux bords. Leurs représentations schématiques sont illustrées en (c). La figure D.18 révèle deux nanostructures uniques à cage creuse observées ici. En (a), une nanostructure triangulaire M oS 2 à double paroi est représentée. Cette nanostructure est probablement une projection 2D d'un tétraèdre. La figure D.18b montre la projection 2D d'un nanooctaèdre à parois multiples.

Figure D. 18 :

 18 Figure D.18: Images MET d'un (a) nanotriangle (peut-être la projection d'un nanotétraèdre) et (b) d'un nanooctaèdre à parois multiples et un nanocorne à double paroi trouvés dans le matériau ablaté.

  La Fig. D.19 (right) montre un schéma du banc expérimental de visualisation de l'écoulement. Une nappe laser a été créée par le modelage du faisceau laser He-Ne (15 mW) à travers l'optique de la nappe lumineuse composée d'un barreau cylindrique (Ø 10 mm) et d'une lentille convexe (distance focale = 1000 mm). Un filtre a été posé sur la caméra à haute vitesse (U1000 PROMON, AOS Technologies AG) pour capturer uniquement la diffusion laser des particules à λ = 632.8 nm.

Figure D. 19 :

 19 Figure D.19: Montage expérimental de la visualisation d'écoulement dans l'Héliotron (à droite).

10 5

 10 Pa [60]. Ces conditions limites sont résumées dans la figure D.20 (à droite). L'atmosphère interne du réacteur solaire est considérée comme étant uniquement composée d'argon.

Figure D. 20 : 1 Figure D. 23 :

 20123 Figure D.20: Maillage utilisé pour les calculs (à gauche). Conditions limites thermiques et dynamiques du modèle numérique du réacteur Héliotron (à droite).

  

  

  

  

  

  

  

  

  

  

  

  

  ). Nanotube de M oS 2 creux (étape (5)) ouvert au niveau des deux extrémités (à droite). . . . . . . . . . . . . . . . . . . D.14 Étapes du mécanisme de formation des nanostructures de type fullerène M oS 2 -Résumé. (1) Vapeur de M oO 2 et de M oO 3 conduisant à (2) des nanoclusters de M oO 3-x qui sont sulfurés (conversion de l'oxyde en soufre) de (3) l'extérieur (encapsulation par des couches de M oS 2 ) vers l'intérieur (sulfuration du coeur d'oxyde M oO 3-x ) jusqu'à ce qu'ils soient transformés en (4) nanostructures de M oS 2 de type fullerène à noyau creux. . . . . . . . . . . . . . . . . . . . . . . . . D.15 Nanoparticule de M oS 2 de type fullerène avec un noyau d'oxyde. Étape (3) (à gauche). Nanostructure de M oS 2 de type fullerène avec un noyau creux. Étape (4) (à droite). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . D.16 Analyses METB-SDE et CSAGA d'un typique nanotube de M oS 2 à double parois. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . D.17 Micrographie MET de (a) un nanocorne de M oS 2 à double paroi avec un angle aigu et (b) une nanorouleau de M oS 2 , partiellement déroulée sur ses deux bords. Leurs représentations schématiques sont illustrées en (c). . . . . . . . . . . . . . . D.18 Images MET d'un (a) nanotriangle (peut-être la projection d'un nanotétraèdre) et (b) d'un nanooctaèdre à parois multiples et un nanocorne à double paroi trouvés dans le matériau ablaté. . . . . . . . . . . . . . . . . . . . . . . . . . . . D.19 Montage expérimental de la visualisation d'écoulement dans l'Héliotron (à droite).268 D.20 Maillage utilisé pour les calculs (à gauche). Conditions limites thermiques et dynamiques du modèle numérique du réacteur Héliotron (à droite). . . . . . . . D.21 Captures de l'écoulement dans le réacteur Héliotron pour différentes configura-

tions. Le temps indiqué correspond au temps écoulé depuis le déclenchement de l'injection pour le cas 1 et au temps écoulé depuis le déclenchement de l'ensemencement pour le cas 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . D.22 Contours de vitesses et lignes de courant (à gauche), contours de température
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	Nomenclature
	Notation	
	u	velocity, m/[s.Kg]
	y +	dimensionless wall distance
	T	temperature, K
	t	time, s
	p	pressure, bar
	g	gravitational acceleration
	k	thermal conductivity, W/m.K
	e	internal energy, J/Kg
	E	total energy, J/m 3
	f i	energy source, J/m 3
	f'	focus distance, mm
	V jet	jet inlet velocity, m/s
	P int	solar reactor inner pressure, bar
	Cp	specific heat, J/mol.K
	Greek letters	
	µ	gas viscosity, kg/m.s
	ρ	gas density, kg/m 3
	Abbreviations (English)
	BN: Boron Nitride	
	CFD: Computational fluid dynamic
	CQDs: Carbon quantum dots
	CNT: Carbon nanotube	
	CVD: Chemical vapor deposition
	DNI: Direct normal irradiation
	DWNT: Double wall nanotubes
	ED: Electron diffraction	
	EDS: Energy-dispersive X-ray spectroscopy
	FFT: Fast Fourier Transform
	HAADF: High angle annular dark field
	IF: Inorganic fullerene-like nanostructures
	INT: Inorganic nanotubes
	MOCVD: Metal organic chemical vapor deposition
	MWNT: Multi wall nanotube
	NA: Not applicable	
	NCs: Nanocones	

2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . D.3 Principales conditions opératoires des deux réacteurs solaires utilisés . . . . . . . D.4 Comparaison des caractéristiques des deux réacteurs . . . . . . . . . . . . . . . .

Table 1 .

 1 1: Pros and cons of the different nanomaterial synthesis methods[START_REF] Flamant | Solar processing of materials: opportunities and new frontiers[END_REF][START_REF] Medina | Effect of ZnO nanoparticles obtained by arc discharge on thermo-mechanical properties of matrix thermoset nanocomposites[END_REF][START_REF] Buesser | Design of nanomaterial synthesis by aerosol processes[END_REF][START_REF] Biskos | Generation and sizing of particles for aerosol-based nanotechnology[END_REF][START_REF] Jung | Metal nanoparticle generation using a small ceramic heater with a local heating area[END_REF][START_REF] Tavakoli | A review of methods for synthesis of nanostructured metals with emphasis on iron compounds[END_REF][START_REF] Jamkhande | Metal nanoparticles synthesis: An overview on methods of preparation, advantages and disadvantages, and applications[END_REF][START_REF] Tulinski | Nanomaterials synthesis methods[END_REF][START_REF] Zeng | Nanomaterials via laser ablation/irradiation in liquid: a review[END_REF] 

	Method	Pros	Cons	Type of nanomaterial
		• Uniform distribution	• High cost for compounds with sufficient purity	• Thin film • Powder
	CVD	• No compositional gradi-ents	• Safety and contamination issues	• Multilayer • Nanoparticles
		• Almost any material can	• High vacuum and tem-peratures needed	• Thin film
	PVD	be used • Environment-friendly	• Need cooling equipment • Slow rate of deposition	• Multilayer • Nanoparticles
	Aerosol process	• Relatively simple method • Low cost • High purity	• Broad distribution size • Energy consuming	• Powder • Nanoparticles
	Liquid phase	• Good control of size, shape, and crystallinity	• High cost of equipment	• Nanoparticles
	synthesis			
	Mechanical milling	• Low cost • High production rates of nanopowders	• Possible contamination by the milling tools crystallized phase • Residual strain in the	• Powder • Nanoparticles
	Arc discharge method	• High crystallinity • Non polluting • Low cost	• Broad distribution size • Limited production	• Nanoparticles • Powder
		• Almost any materials can		
	Lamp/laser ablation	be ablated for the synthe-sis purpose • Good control over sto-ichiometry and phase	• Ultrahigh vacuum needed • Energy consuming	• Thin film • Multilayer • Nanoparticles
		composition		
	Solar synthesis	• Cost effective • Non polluting	• Weather dependent	• Powder • Nanoparticles

Table 1 .

 1 2: Summary of the reported M oS 2 and W S 2 nanostructures synthesis routes.

	Method	Solid precursors	Catalyst	Type of nanostructure	Ref.
					[143, 164,
	Sulfurization	M oO 3 , M o and W O 3	-	INTs, IFs	165, 177, 178, 181,
					182]
	MOCVD	M o(CO) 6 and W (CO) 6	-	INTs, IFs, onion-like structures	[183]
	Reduction in Hydrogen atmosphere	(N H 4 ) 2 M oS 4 and (N H 4 ) 2 W S 4	-	INTs	[180]
	Electron irradiation	M oS 2	-	Onion-like structures	[188]
	Laser ablation	M oS 2	-	Nanooctahedras, IFs	[184]
	Solar ablation	M oS			

2 , M oO 3 , W S 2 , W O 3 and S P b and Carbon INTs, IFs, nanooctahedra [94,96,98, 185-187] 1.8 M oS 2 and W S 2 nanostructures synthesis mechanisms Contrarily to carbon nanotubes and fullerenes, it was found that the successfull synthesis of M oS 2 and W S 2 INTs and IFs needed the presence of intermediate molybdenum suboxide (templating structures).

Table 2 .

 2 

	Parameters	Heliotron reactor	Cavity reactor
	Synthesis process	Solar Ablation	Solar cooking
	Maximum temperature	> 3000 K	1500 K
	Temperature gradients [K/cm]	∼ 10 4	∼ 10 2

1: Main operating conditions of the two solar reactors used

Table 2 .

 2 2: Comparison of the both reactor features

	Features	Heliotron reactor	Cavity reactor
	Argon inner circulation	Enabled	Enabled
	Transport of vaporized chemical species	Enabled	Enabled
	Temperature measurement of processed material	Absent	Enabled
	Adjustable distance between		
	the vaporization zone from the condensation/deposition	Enabled	Absent
	zone		
	Injection of Argon seeded with Sulphur	Absent	Enabled
	Collection zones	Cold finger, balloon and NPs filter	Cold chamber and NPs filter

Table 2 .

 2 3 summarizes the main characteristics of the experiments carried out with the Heliotron reactor.

Table 2 .

 2 3: Summary of experiments carried with the Heliotron reactor. The duration of solar irradiation was usually 2 min.

	Exp. reference	Sample holder type	Solid precursor	Cold finger -crucible distance [cm]	Pressure [mbar]	Phases (XRD)	NPs observed
	1 -6	Pellet	M oS 2 powder	∼ 7	0.5	M o, M o 2 S 3 , M oS 2 , S	-
	7-9	Pellet set on graphite crucible	M oS 2 powder	∼ 7	0.5	M o, M o 2 S 3 , M oS 2 , S	-
	10-13	Pellet	M oS 2 powder	∼ 7	0.5	M o, M o 2 S 3 , M oS 2 , S	-
	14 -33	Alumina crucible filled	M oS 2	∼ 7	0.5	M o, M o 2 S 3 , M oS 2 , S	-
	40 -49	Alumina crucible filled	M oS 2 (66 wt%) + M oO 3 (34 wt%)	∼ 7	1000	M oS 2 , M o 2 S 3 , M oO 3 , M oO 2 , S	INTs and IFs
	50 -56	Alumina crucible filled	M oS 2 (80 wt%) + M oO 3 (20 wt%)	∼ 7	1000	M oS 2 , M o 2 S 3 , M oO 3 , M oO 2 , S	INTs and IFs
	63, 70 -74	Alumina crucible filled	M oS 2 [49,66,80] wt% + M oO 3 [51,34,20] wt%	∼ 7	1000	M oS 2 , M o 2 S 3 , M oO 3 , M oO 2 , S	INTs and IFs
	75 -77	Alumina crucible filled	W S 2 [48,65,79] [52,35,21] wt% wt% + W O 3	∼ 7	1000	-	-
	78 -80	Alumina crucible filled	M oS 2 (66 wt%) + M oO 3 (34 wt%)	[0.5, 1 , 2] Copper tip	1000	-	INTs and IFs
	81 -86	Alumina crucible filled	M oS 2 (66 wt%) + M oO 3 (34 wt%)	∼ 7	1000	-	INTs and IFs
	87 -90	Alumina crucible filled	M oS 2 (66 wt%) + M oO 3 (34 wt%)	[0.5, 1 , 2] BN tip	1000	-	INTs and IFs
	91	Alumina crucible filled	M oS 2 (66 wt%) + M oO 3 (34 wt%)	No cold finger	1000	-	INTs and IFs
	92 -94	Alumina crucible filled	W S 2 [48,65,79] [52,35,21] wt% wt% + W O 3	∼ 7	1000	-	-

Table 2 .

 2 INTs and IFs in the collected particles was avered each time, at each collection zone of the reactor, confirming the reproducibility of the results independently from the solar input, the cold finger-to-crucible distance and the solid precursor mixing stoechiometry.3. Experiments 75-77 and 92-94By irradiating a mixture of W S 2 and W O 3 powder at atmospherical pressure, a regular plume of vaporized species spreads within the reactor, tungsten oxide vaporizing congruently. However, despite the presence of W O 3-x nanorods in high yields, no W S 2 closed cage structures were observed in the particles collected (Fig. 2.21). This could be putatively explained by 1) the lack of an additional reducive agent, such as H Heliotron which are not favorable to the W S 2 INTs and IFs growth, for instance a reduced reaction time between gaseous sulphur and W O 3-x nanoparticles in-flight. The experiments in the Heliotron reactor underlined the required joint presence of M oO 3 together with M oS 2 to successfully synthesize M oS 2 INTs and IFs through direct solar irradiation at atmospherical pressure. However, following the same path, the results obtained with W S 2 using W O 3 and W S 2 as a solid precursor were negative. This may indicate the lack of a reducive agent in the gas phase reaction and/or a non favorable thermal history of vaporized species (W O 3 and S) in the Heliotron for the W S 2 INTs and IFs formation. It should be the vaporization temperature of W O 3 is significantly higher than its M O 3 counterpart Fig. B.12. 4 summarizes the main characteristics of the experiments carried out using the cavity reactor.

	2.6.3 Cavity reactor experimental campaign

1. Experiments 1-33

By irradiating M oS 2 pellets or powder, it was shown that M oS 2 outgasses sulphur, projecting more or less violently (depending the solar power input) precursor particles. No any M oS 2 closed cage structure were observed in the particles collected. 2. Experiments 40-56, 63, 70-74, 78-91 By irradiating a mixture of M oS 2 and M oO 3 powder at atmospherical temperature, a regular plume of vaporized species spreads within the reactor, molybdenum oxide vaporizing mostly congruently. The presence of M oS 2 2 , necessary to transform tungsten suboxide nanorods/nanoclusters into W S 2 closed-cage structures when combined to sulfidization [19,23,42] 2) the usual thermal history of vaporized species in the

Table 2 .

 2 4: Summary of experiments carried with the Cavity reactor. The duration of temperature thresholds was usually 10 to 30 min.

	Exp. reference	Sample holder type	Solid precursor	Gas injection	Temp [°C]	Pressure [mbar]	Phases (XRD)	NPs observed
	C1 -C10	Cavity without circula-tion	M oS 2 powder	-	1200 to 1600	1000	M o, M oS 2 M o 2 S 3 ,	-
	58 -61	Cavity with cir-culation	M oS 2 (80 wt%) + M oO 3 (20 wt%)	Argon	620 and 820	1000	M oO 3 , M oS 2 , S M oO 2 ,	-
	64, 65, 67	Cavity with cir-culation	M oO 2 (23 wt%) + M oO 3 (77 wt%)	Argon particles seeded with sulphur	620 and 820	1000	M oO 3 , M oS 2 , S M o 4 O 11 , M oO 2 ,	-
	66, 68, 69	Cavity with cir-culation	M oO 3	Argon particles seeded with sulphur	620 and 820	1000	M oO 3 , M oS 2 ,S M o 4 O 11 , M oO 2 ,	-
	95 -98	Cavity with cir-culation cell + porous	M oO 3	Azote (98 particles %) seeded with sulphur	620 and 820	1000	M oO 3 , M oS 2 ,S M o 4 O 11 , M oO 2 ,	-
	99, 100	Cavity with cir-culation cell + porous	M oO 3	Azote (98 %) and particles with sulphur hydrogen (2 %) seeded	620 and 820	1000	M oO 3 , M oS 2 ,S M o 4 O 11 , M oO 2 ,	-
		Cavity		Azote and				
		with cir-		hydrogen (2				IFs,
	101	culation	W O 3	%) seeded	815-870	1000	NC	Nanooc-
		+ porous		with sulphur				taedra
		cell		particles				
		Cavity						
		with cir-		Azote seeded				
	102	culation	W O 3	with sulphur	300-670	1000	NC	-
		+ porous		particles				
		cell						

  resulted in a residual of sulphur impoverished M oS 2 , consisting of M o 2 S 3 and/or pure molybdenum. No closed cage structure were obtained.2. 57 -61The monitored cooking of M oS 2 together with M oO 3 following the temperature thresholds of Zak et al. [18] didn't resulted in the obtention of M oS 2 INTs or IFs. 3. 64, 65, 67 As shown by kilhborg et al. [55, 56], the cooking of the mixing of M oO 3 (77.2 wt%) and M oO 2 (22.8%) at 620°C is expected to form molybdenum suboxide (M oO 3-x ), and especially M o 4 O 11 nanorods, which may behave as templating nanostructures allowing the formation of M oS 2 nanotubes when progressively sulfurized [18]. However these experiments did not lead to the formation of INTs or IFs, although the presence of M o 4 O 11 was confirmed by XRD analyses. 4. 66, 68, 69 The sulfidization of pure M oO 3 at high temperature (620°C and 820°C) could possibly form M o 4 O 11 nanorods leading subsequently to the formation of M oS 2 nanotubes once sulfurized [18]. However no any INTs or IFs were obtained, although XRD avered the presence of M o 4 O 11 . INTs and IFs synthesis. Several explanations could justify the discrepancies observed between these two families of compounds, namely 1) The unstable nature of molybdenum suboxide (M o 4 O 11 ) nanowhiskers at elevated temperature [23, 55, 57] compared to W 18 O 49 nanowhiskers. 2) The non-use of metal catalyst to stabilize M o 4 O 11 nanowhiskers. 3) Over-reduction of M o 4 O 11 nanowhiskers (H 2 in excess).

5. 95-100

Following thoughtfully Zak et al. work, the cooking of M oO 3 within an alumina porous cell under reducing atmophere (H 2 ) followed by a sulfidization step temperature windows is expected to lead to the obtention of M oS 2 IFs and INTs. Once again, no any M oS 2 INTs and IFs were observed.

6. 101-102

An experimental process similar to the one followed in experiments 95 to 100 was implemented, replacing M oO 3 by W O 3 . Numerous IFs and several INTs were obtained suggesting a distinct behaviour of W S 2 for this type of synthesis route (equilibrium conditions).

The different experiments carried in the Cavity reactor demonstrated that the homogeneous cooking of M oO 3 with or without molybdenum oxides, comprising or not a reducing atmosphere of gaseous sulphur was not sufficient to synthesize M oS 2 INTs and IFs.

Conversely, the cooking of W O 3 under reducing atmosphere (H 2 ), prior to its sulfidization (gaseous sulphur) was shown to successfully lead to W S 2

  3 into M oO 2 + 1/2 O 2 and, to a far lesser extent, M o 4 O 11 nanowhiskers +1/8 O 2[12][13][14]. These molybdenum suboxide nanowhiskers react vigorously with sulfur vapor, converting it to M oS 2 nanotubes[15].By gathering the TEM (section 2.6 of chapter 2 and this section), STEM-EDS and HAADF (section 3.2.1) analysis results, the formation mechanisms of INTs and IFs (Figs. 3.6 and 3.10) are retraced in agreement to the ones described in the literature [2, 16-19]. Remark In this section, M oS 2 was the generic compound used to illustrate the formation mechanism of M oS 2 /W S 2 INTs and IFs as TEM images of the M oS 2 INTs and IFs were more numerous, although W S 2 INTs and IFs images are also in agreement with the presented formation mechanisms (see section 2.30).

Table 3 .

 3 1: EDS analysis -Atomic composition of the SiO 2 @IF -M oS 2 depicted in Fig.3.15b.RemarkNote that the HAADF & STEM-EDS analyses of both core-shell nanostructures support the formation mechanism of fullerene-like nanostructures depicted previously in Fig.3.10 of section 3.1.4. Furthermore it should also be noticed that the presence of SiO 2 @IF -M oS 2 indicates that multiple oxides may be part of the formation process of M oS 2 INTs & IFs synthesis.

	Z	Element	Family	Atomic Fraction [%]	Atomic Error [%]	Mass Fraction [%]	Mass Error [%]	Fit error [%]
	8	O	K	59.33	3.37	38.98	2.73	0.48
	14	Si	K	27.43	3.95	31.64	4.37	0.31
	16	S	K	8.69	1.56	11.44	2.05	2.37
	42	Mo	K	4.55	0.63	17.94	2.29	2.78

Table 3 .

 3 2: EDS analysis -Atomic composition of the M oS 2 DWNT observed in Fig. 3.16 and 3.18.

	Z	Element	Family	Atomic Fraction [%]	Atomic Error [%]	Mass Fraction [%]	Mass Error [%]	Fit error [%]
	16	S	K	64.74	9.48	38.03	9.79	18.90
	42	Mo	K	35.26	9.48	61.97	9.79	34.61

  3.3.1 Parameters used for nanotubes and fullerene-like nanoparticles characterization Different parameters were selected to characterize the nanostructures observed and characterized, in total about 100 nanotubes and 110 fullerene-like nanostructures. The outer and inner diameter, the layers numbering (INTs and IFs) and the nanotube length. Note the majority (>80%) of both nanostructures were hollow cored. As shown by the linear regressions of Figs. 3.24 and 3.25, no precise correlation may be deduced between each of these parameters (R 2 < 0.8). However, general tendencies confirming previous theoretical predictions regarding the stability of nanostructures (INTs and IFs) [43,44] may be noticed. Figs. 3.24 (left) and 3.25 show that the larger the hollow cored nanostructures (INTs and IFs) outer diameter/size is, the more the layers will be numerous. This observation is in agreement with the literature [43, 44], i.e. the stability of the INTs and IFs increases proportionally with the number of layers. However this latter correlation is not true for filled of partially filled INTs and IFs where the oxide core ensures or contributes to the stability of the whole nanostructure.

  13) 

	Parameter uncertainty	Estimate	Explanation
	∆ρ i /ρ i	± 5%	Different values are reported in the literature
	∆Cp i /Cp i	±5%	id
	∆λ i /λ i	±10%	id
	∆ρ/ρ	-(0 to 10%)	Substantial loss of powder were observed during both experiments
	∆Cp/Cp	±0.1%	Correlation taken from the NIST

Table A .

 A 1: Thermal conductivity measured the M oS 2 powders of different porosity

	Experiment	Porosity	Density[kg/m 3 ]	Calculated thermal conductivity [W.m -1 .K -1 ]
	1-TL	0.71(-10% + 0%)	1420.21	0.28 ± 3.57%
	1-HD	0.81(-4% + 0%)	959.00	0.2321(-12.14%+11.07%)
	2-HD	0.86(-4% + 0%)	684.38	0.2149(-14.51%+13.63%)
	3-HD	0.77(-4% + 0%)	1164.67	0.3059(-10.10%+8.76%)
	4-HD	0.71(-4% + 0%)	1457.57	0.3156(-9.18%+7.70%)

Table A

 A 

		1]						
		1.K -						
		Thermal conductivity [W.m -	0 0.1 0.2 0.3	0.7	0.75	0.8	0.85	0.9	Hot-disc exp Three-layer exp Krischer (a=0.092) Zehner Maxwell & Rayleigh Woodside Meredith & Tobias Russell
						Porosity		
						.2: Nomenclature	
	Parameter				Description		Unit
	λ g				Thermal conductivity of the gas	[W/m.K]
	λ p				Thermal conductivity of the particles	[W/m.K]
	λ c			Conductive component of thermal conductivity	[W/m.K]
	λ r			Radiative component of thermal conductivity	[W/m.K]
	λ 2pb			Thermal conductivity of the packed bed	[W/m.K]
	ψ					Porosity		Dimensionless
	ϕ = 1 -ψ			Concentration of particles	Dimensionless
	K p =	λ g λ p			Reduced solid particles conductivity	Dimensionless
	K r =	λ g λ r			Reduced radiative thermal conductivity	Dimensionless
	K 2pb =	λ g λ 2pb		Reduced conductivity of two-phase system	Dimensionless

Table A .

 A 3: Summary of experiments 1 to 33 conducted from February to July 2019 within the Heliotron reactor. To vaporize small quantities of M oS 2 and keep the operating pressure stable (under vacuum), automatic successive flashes were performed for experiment 20 to 33, T 1 is the irradiation time and T 2 the delay time. M oS 2 powder (99% pure, Alfa Aesar) was the sole solid precursor used. For several experiment sweeping flow of argon was injected in the reactor during the solar ablations.

							Averaged	Distance			
	Exp ref	Operating pressure [mbar]	Shutter open-ing [%]	DNI [W/m 2 ]	Irradiation duration [s]	Sweeping flowrate [m 3 /h]	Vaporiza-tion flowrate	cold finger crucible	Flash / Contin-uous	Phases XRD	NPs ob-served
							[mg/s]	[cm]			
	25	0.53	60	873-972	14.4	0	59.77	∼ 21	T 1 =0.3s T 2 =60	M oS 2 M o M o 2 S 3		-
	26	0.65	60	1003-982	10.5	0	NA	∼ 21	T 1 =0.3s T 2 =60	M oS 2 M o M o 2 S 3		-
									T 1 =3s	M oS 2 (78.2%)
	27	0.46-1.4		1036	21	0	154.52	∼ 21	T 2 =90-	M o 2 S 3 (5.9%)	-
									120s	M o(15.8%)	
	28	0.48-2		965-975	15	0	184.25	∼ 21	T 1 =3s 120s T 2 =90-	M oS 2 (81.8%) M o(13.1%) M o 2 S 3 (5.1%)	-
	Exp ref 29	Operating pressure [mbar] 0.5-1	Shutter open-ing [%] 75	DNI [W/m 2 ] 955	Irradiation duration [s] 18	Sweeping flowrate [m 3 /h] 0	Averaged Vaporiza-tion flowrate 148.21	Distance cold finger crucible ∼ 21	Flash / Contin-uous T 1 =3s 120s T 2 =90-	Phases XRD M oS 2 (79.2%) served NPs M o(16.8%) ob-M o 2 S 3 (4%) -
	1 30 2 31	0.64 0.41-0.52 1 0.52-0.6	30 30 -43.6 40 50	1009 1050 1000 910-870	NA NA 300 45.6	0 0 0.2 0	[mg/s] NA NA 0.159 27.21	[cm] ∼ 7 ∼ 21 ∼ 21 ∼ 7	T 1 =0.3s T 2 =2s cont cont T 1 =0.3s T 2 =2s	---M oS 2 (88%) M o(8%) M o 2 S 3 (4%)		----
	3 4 32	11 12 0.52-0.63	40 -76	1071 1089 881	150 NA 10.8	0.2 0.2 0	0.708 NA 113.99	∼ 21 ∼ 21 ∼ 7	cont cont T 1 =0.3s T 2 =2s	--M oS 2 (78%) M o(10%) M o 2 S 3 (9%)		---
	5 6 33	0.68 0.66 0.24-0.42	100 100	1050 1000-950 960-967	60 194 6.6	∼ 0.01 0 0	11.91 NA 252.95	∼ 21 ∼ 21 ∼ 7	cont cont T 1 =0.3s T 2 =32s	--M oS 2 (82%) M o(9%) M o 2 S 3 (3%)		---
	7	0.48	100	1005	90	0	NA	∼ 21	cont	CuS(95%) M oS 2 (5%)		-
	8	0.46	100	1040-1054	170	0	4.23	∼ 21	cont	Cu Cu 2 S		-
	9	0.57	100	1033	100	0	NA	∼ 21	cont	CuS		-
	10	5-120	100	1010-990	330	0	NA	∼ 21	cont	Cu 2 S CuS		-
	11	0.19-37	100	950	844	0	1.026	∼ 21	cont	M oS 2		-
	12	0.19-8.4	100	1067	287.44	0	NA	∼ 21	cont	M oS 2		-
										M oS 2 (81%)	
	13	0.52→2.6	100	NA	91	0	44.49	∼ 21	cont	M o 2 S 3 (8%)		-
										M o(11%)	
										M oS 2 (91%)	
	14	0.55→1.9	50	1029	160	0	11.60	∼ 21	cont	M o 2 S 3 (5%)		-
										M o(4%)	
										M oS 2	
	15	0.49→1.3	30	995	169	0	7.2	∼ 21	cont	M o 2 S 3		-
										M o	
	16	0.45→1.6	70	1046	150	0	15.04	∼ 21	cont	M oS 2 (93%) M o(7%)		-
										M oS 2	
	17	6→11	100	978	160	∼ 0.01	16.34	∼ 21	cont	M o 2 S 3		-
										M o	
										M oS 2	
	18	0.5→0.54	100	970	109.41	0	25.47	∼ 21	cont	M o 2 S 3		-
										M o	
	19	0.47→0.46	60	952-960	98.71	0	27.81	∼ 21	cont	-		-
	20	0.7	100	1015	30	0	88.38	∼ 21	T 1 =NA, T 2 =NA	-		-
	21	NA	100	1044	12.12	0	191.64	∼ 21	T 1 =0.3s T 2 =40s	M oS 2 (78%) M o(8%) M o 2 S 3 (5%)		-
	22	0.6	100	1001	6.24	0	283.85	∼ 21	T 1 =0.3s T 2 =85	M oS 2 (63%) M o(24%) M o 2 S 3 (5%)		-
	23	0.75	80	925-936	10.5	0	NA	∼ 21	T 1 =0.3s T 2 =87	M oS 2 M o M o 2 S 3		-
	24	0.6	80	944-972	13.5	0	107.06	∼ 21	T 1 =0.3s T 2 =60	M oS 2 M o M o 2 S 3		-

Table A .

 A 4: Summary of experiments 40 to 49 carried within the Heliotron reactor. The sample holder used was a crucible filled with a powder mixing of M oS 2 (66 wt%) + M oO 3 (34 wt%). Distance crucible to cold finger = 7 cm. Sweeping flow of argon was injected in the reactor during the solar ablations.

						Averaged			
	Exp. ref	Shutter opening [%]	DNI [W/m 2 ]	Duration irradiation [s]	Sweeping flowrate [m 3 /h]	Vapor-ization flowrate	Phases (XRD)	NPs served ob-	Observations
						[mg/s]			
	40	10 and 100		∼ 30	0.31	-	NA	NA	No filter used
	41	70		189	0.34	1.41	NA	NA	No filter used
							M oS 2 ,	DWNT,	
	42	50		164	0.33	1.64	M o 2 S 3 ,	MWNTs	-
							M oO 2 , S	and IFs	
	43	75		144	0.34	1.49	M oS 2 , M o 2 S 3 , M oO 2 , S	MWNTs and IFs	-
							M oS 2 ,		
	44	30		480	0.42	0.63	M o 2 S 3 ,	NA	-
							M oO 2 , S		
							M oS 2 ,		
	45	100		338	0.34	0.71	M o 2 S 3 ,	NA	-
							M oO 2 , S		
	46	50		234	2.51	0.84	M oS 2 , M oO 2 , S	NA	Progressive clogging of the filter
	47	30		from 300 to 480	2.51 → 0.12	NA	M oS 2 , M oO 2 , S	NA	Progressive clogging of the filter
	48	75		276	2.41 → 0.55	NA	M oS 2 , M o 2 S 3 , M oO 2 , S	MWNTs and IFs	-
									Clogging of the filter,
								SWNTs,	Oxygen contamination
	49	100		∼ 2	1.5 → 0	NA	M oS 2 , M oO 2 , S	DWNTs, MWNTs	of the reactor atmosphere. SWNT
								and IFs	and DWNT in high
									yields.

Table A .

 A 5: Summary of experiments 50 to 57 carried within the Heliotron reactor. The sample holder used was a crucible filled with a powder mixing of M oS 2 (80 wt%) + M oO 3 (20 wt%), distance crucible cold finger = 7 cm. Sweeping flow of argon was injected in the reactor during the solar ablations.

						Averaged			
	Exp. ref	Shutter opening [%]	DNI [W/m 2 ]	Duration irradiation [s]	Sweeping flowrate [m 3 /h]	Vapor-ization flowrate	Phases (XRD)	NPs served ob-	Observations
						[mg/s]			
	50	30	996	600	2.46	0.212	M oS 2 , M o 2 S 3 , M oO 2 , S	MWNTs and IFs	-
							M oS 2 ,		
	51	30	868-886	600	2.51	NA	M o 2 S 3 , M oO 3 ,	NA	-
							M oO 2 , S		
	52	70	934-936	420	2.51 → 1.41	0.58			

Table A .

 A 6: Summary of experiments 70 to 74, 81 to 86 and 91 carried within the Heliotron reactor. The duration of solar irradiation was 2 min (excepting for Exp. 91 (2 min 20 sec)), the sample holder used was a crucible filled with a powder mixing of M oS 2 and M oO 3 . Distance crucible to cold finger = 7 cm. For several experiment sweeping flow of argon was injected in the reactor during the solar ablations.

							Averaged		
	Exp. ref	M oS 2 wt% in SP	M oO 3 wt% in SP	Shutter opening [%]	DNI [W/m 2 ]	Sweeping flowrate [m 3 /h]	Vaporiza-tion flowrate	NPs observed	Observations
							[mg/s]		
	70	49	51	100	1040	0	2.95	NA	-
	71	34	66	100	1020	0	3.66	NA	Failed experiment
	72	20	80	100	1009	0	NA	NA	-
								SWNTs,	
	73	34	66	100	1023	0	7.83	MWNTs	-
								and IFs	
	74	49	51	100	877-843	0	2.79	MWNTs and IFs	-
	81	34	66	100	1013	0	2.59	NA	-
	82	34	66	100	772	0	3.58	NA	-
								DWNT,	
	83	34	66	100	1004	1.51	4.36	MWNTs,	Clogging of the filter
								and IFs	
	84	34	66	100	1083	0.15	3.40	MWNTs and IFs	-
	85	34	66	100	1003	NA (0 probably)	3.09	MWNTs and IFs	-
									Initial inner
	86	34	66	100	993	0	2.62	MWNTs and IFs	atmosphere not neutral (10% O 2 and
									90% Ar)
	91	34	66	100	928	0	2.98	MWNTs and IFs	No cold finger set

Table A .

 A 7: Summary of experiments 75 to 77 and 92 to 94 carried within the Heliotron reactor. The duration of solar irradiation was 2 min, the sample holder used was a crucible filled with a powder mixing of W S 2 and W O 3 . Distance crucible to cold finger = 7 cm. For Exp. 94, the sweeping flow of argon was injected in the reactor during the solar ablation.

							Averaged		
	Exp. ref	W S 2 wt% in SP	W O 3 wt% in SP	Shutter opening [%]	DNI [W/m 2 ]	Sweeping flowrate [m 3 /h]	Vaporiza-tion flowrate	NPs observed	Observations
							[mg/s]		
	75	35	65	100	944-911	0	3.87	-	-
	76	21	79	100	1026	0	2.88	-	-
	77	48	52	100	1028	0	3.83	-	-
									Oxygen
	92	35	65	30	990-1000	0	1.07	-	contamination, the reactor mounting had
									leaks
	93	35	65	30	974-948	0	0.87	-	-
	94	35	65	100	1039	2.26-2.51	5.11	-	-

Table A .

 A 8: Summary of experiments carried within the Heliotron reactor. The duration of solar irradiation was 2 min, the sample holder used was a crucible filled with a powder mixing of M oS 2 (66 wt%) + M oO 3 (34 wt%). The initial atmosphere was neutral (argon). No sweeping flow argon was injected in the reactor during the solar ablations. Note that nanocones/nanohorns and nanoscrolls (generic forms of the solar-ablated M oS 2 powder) were found in abundance in experiments where other NPs were observed.A.2.2 Cavity reactor experimentsTable A.9: Summary of experiments carried with the Cavity reactor. The duration of temperature thresholds was 10 min, the operating pressure was 1 bar. The sample holder used was the cavity without circulation, no neutral gas (argon) was injected in the reactor, the solid precursor used was M oS 2 powder (99% pure). The amount of solid precursor set for each experiment was 50 mg. The initial atmosphere was neutral (argon). No sweeping flow argon was injected in the reactor during the solar cookings.

	Exp. ref 78 79 80 87 88 89 90 Remark: Exp. Shutter opening [%] 100 100 100 100 100 100 100 reference C1 C2 C3 C4 C5 C6-7 C8 C9 C10	DNI [W/m 2 ] 1010 1000 992 900 975 950 910 Temp [°C] Vaporization Averaged flowrate [mg/s] 3.11 2.48 4.28 4.28 3.28 3.28 3.34 Weight loss [%] Cold finger tip material Copper Copper Copper BN BN BN BN 1200 6.6 1300 NA 1400 9.9 1500 15.9 1600 22.2 1200 9.2 1450 17.6 1350 NA 1400 8	Distance cold finger -crucible [mm] 5 10 20 20 20 10 5 Granulometry median size NPs observed IFs MWNTs and IFs MWNTs and IFs NA SWNT, DWNT, MWNTs, IFs and NO SWNT, DWNT, MWNTs and IFs SWNT, DWNT, MWNTs and IFs distribution [µm] 3.61 8.68 3.72 9.6 NA 2.51 8.88 4.75 2.51	Observations ---Cold finger tip temperature recording not available ---NPs observed ---------

Table A .

 A 10: Summary of experiments carried with the Cavity reactor. The operating pressure was 1 bar. The sample holder used was the cavity with circulation, sweeping flowrate of argon was injected in the reactor during the solar cookings, the solid precursor used was a powder mixing of M oO 3 (20 wt%) + M oS 2 (80 wt%).

	Exp. ref	Sweeping flowrates [m 3 /h]	Temp [°C] Threshold 1 (T1)	Temp [°C] Threshold 2 (T2)	Thresholds duration [min]	Weight loss [%]	Phases (XRD)	NPs observed	Observations
	58	0.35	610	820	10 (T1 and T2)	24.9	M oO 2 , M oO 3 , M oS 2 , S	-	Temperature measurement from pyrometer false
	59	0.33	620	1200	10 (T1) and 30 (T2)	11.7	M oO 2 , M oS 2 M oO 3 ,	-	-
	60	0.33	620	820	30 (T1 and T2)	7	M o, M oS 2 , S M o 2 S 3 ,	-	-
	61	0.33	620	820	20 (T1 and T2)	6.8	NA	-	No circulation, aspiration tube melted

Table A .

 A 11: Summary of experiments carried with the Cavity reactor. The duration of temperature thresholds was 10 min, the operating pressure was 1 bar. The sample holder used was the cavity with circulation. Sweeping flow of argon (excepting for Exp. 96) was injected in the reactor during the temperature rise to the first temperature threshold. Then, the argon flowrate was bypassed and used to fluidize sulphur (powder form) which was then sprayed into the cavity for sulfidization. For Exp. 64, 65 and 67, the solid precursor used was a powder mixing of M oO 2 (22.8 wt%) and M oO 3 (77.2 wt%). For Exp. 66, 68 and 69, the solid precursor used was M oO 3 powder (Alfa Aesar, 99.9%)

	Exp. ref	Fluidiz-ation flowrate [m 3 /h]	Fluidized sulphur injected [mg/h]	Temp [°C] Threshold 1 (T1)	Temp [°C] Threshold 2 (T2)	Thresholds duration [min]	Weight loss [%]	Phases (XRD)	NPs served ob-	Observations
						10 (T1)				Sweeping Argon
	64	0.033	NA	620	820	and 20 (T2)	NA	NA	-	flowrate of 0.3 m 3 /h
		0.033 (10								
	65	min) and 0.05 (15	18.52	620	820-837	10 (T1) and 4 (T2)	NA	NA	-	-
		min)								
								M oO 2 ,		
						10 (T1)		M oO 3 ,		
	66	0.058	16.53	620	820	and 10	16.2	M o 4 O 11 ,	-	-
						(T2)		M oS 2 ,		
								CuS		
	67	0.058	25.94	620	820	10 (T1 and T2)	NA	M oO 2 , M oO 3 , M o 4 O 11 , S, CuS	-	Temperature recording not available
								M oO 2 ,		
						35.5 (T1)		M oO 3 ,		
	68	0.017	19.86	620	780-800	and 10	37.3	M o 4 O 11 ,	-	-
						(T2)		M oS 2 ,		
								S		
	69	0.041	9.64	590-630	810-780	10 (T1) and 6 (T2)	18.7	M oO 2 , M o 4 O 11 M oO 3 ,	-	-

Table A .

 A 12: Summary of experiments carried with the Cavity reactor. The duration of temperature thresholds was 10 min, the operating pressure was 1 bar. The sample holder used was the cavity with circulation. The solid precursor used was M oO 3 (Exp. 95 to 100) /W O 3 (Exp. 101 to 102) powder. Sweeping flow of azote (excepting for Exp. 96) was injected in the reactor during the temperature rise until the first temperature threshold and/or for eliminating eventual oxygen contamination. Then, the azote (excepting for Exp. 96) flowrate was bypassed, and used to fluidize sulphur (powder form) which was then sprayed into the cavity for sulfidization. For Exp 95 to 98 and 102, the sulfidization was made at temperature thresholds T1 and T2. For Exp. 99, 100 and 101 a reduction instead of direct sulfidization was made with a reducing gas (N 2 (98%) and H 2 (2%)) at temperature threshold T1.

	Exp. ref	Redu-ction flowrate [m 3 /h]	Fluidiz-ation flowrate [m 3 /h]	Fluidized sulphur [mg/h] injected	Temp [°C] 1 (T1) Threshold	Temp [°C] 2 (T2) Threshold	Thresholds [min] duration	Weight [%] loss	NPs served ob-	Observations
										Sulfidization
	95	-	0.02 at T1	NA	580	-	0.5 (T1) and 0 (T2)	NA	-	step failed, brutal injection of a sulphur
										powder slug
										Sulfidization
	96	-	0.03 (Argon) at T1	0	580-600	-	0.5 (T1) and 0 (T2)	9.2	-	step failed, brutal injection of a sulphur
										powder slug
										Sulfidization
	97	-	0.02 at T1	NA	620	-	1 (T1) and 0 (T2)	10.6	-	step failed, brutal injection of a sulphur
										powder slug
			0.024-							
	98	-	0.054 at T1 and 0.078 0.042-	30	620-650	710-713	15 (T1) (T2) and 1.5	NA	-	-
			at T2							

Table B .

 B 1: Statistical analysis of doublewall M oS 2 nanotubes."Closed" and "closed both" refer to one or both ends being closed, respectively. D stands for diameter; min, max and avg stands for minimum, maximum and average, respectively. Since the nanotubes are attached to flakes and are partially hidden, only their visible length is cited.

	End of NT	Outer diameter		Inner diameter	Length
	min D [nm]	max D [nm]	avg D [nm]	Deviation [%]	min D [nm]	max D [nm]	avg D [nm]	Deviation [%]	visible [nm]

  Figure B.23: Operating conditions of the experiments 42 to 54. The bar corresponding to each experiment is colored according to the mixing ratio of the solid precursor. Yellow: M oO 3 (34 wt%)+M oS 2 (66 wt%), orange: M oO 3 (20 wt%)+ M oS 2 (80 wt%).

	B.6.3 Comparison -wall balloon B.6.5 Comparison -beaker edges				M oS 2
								M oS 2 S M oO 2 M oO 3 S M oS 2 M oO 2 S M oO 3 M o 2 S 3 M oO 2
			Wall balloon -Influence of shutter opening Beaker edges -Influence of Argon flowrate	M o 2 S 3
	Presence % Presence % Presence %	Argon flowrate Wall balloon -Influence of argon flowrate Argon flowrate Shutter opening [%] Argon flowrate	1.6 1.8 2 2.2 2.4 40 60 80 1.6 1.8 2 2.2 2.4 2.6 100 2.6	Argon flowrate [m 3 /h] Argon flowrate [m 3 Shutter opening [%] /h]
		48 46	49	49	50	50	51	52 51
		48	49	50 N°Experiment N°Experiment		51	52
				N°Experiment			M oS 2 S
								M oO 2
			Beaker edges -Influence of shutter opening
	Presence %						
		46		49		50		51

  Incongruent high-temperature evaporation of the M o S 2 powder leads to its decomposition, with the generation of sulfur vapors that react with the oxide vapors and condense into different nanoparticles as well as to M o S 2 flakes. An alternative possible chemical route is the high-temperature (>1000°C) reduction of the vaporized M oO 3 into M oO 2 + 1/2 O 2 and, to a far lesser extent, M o 4 O 11 nanowhiskers +1/8 O 2[46, 47, 48]. These molybdenum suboxide nanowhiskers react vigorously with sulfur vapor, converting it to M o S 2 nanotubes[12].

  While singlewall carbon nanotubes were the focus of much past research, double-, triple-and multiwall tubes of different kinds are of both basic and applied interest e.g., as telescopic sliders[59] and torsion resonators[60]. The question then arises, why is it important to study doublewall nanotubes of M S 2 (M =M o, W )? Is there any unique behavior one may anticipate for such nanostructures? Partial answers to these questions can be gleaned from the sparse literature on this topic, which comprises mostly theoretical, rather than experimental, analyses. Zerbetto et al. studied the mechanical and tribological properties of doublewall M o S 2 nanotubes in comparison to doublewall 2H -M o S 2 using MD simulations

	4 | INTERPRETING MOLECULAR DYNAMICS COMPUTATIONS
	4.1 | Motivating the theoretical simulation

  IntroductionDepuis leur découverte il y a deux décennies, les nanomatériaux sont considérés par l'industrie comme une véritable panacée. Ce grand intérêt est principalement dû aux propriétés variées et exceptionnelles de ces derniers (conductivités thermique et électrique élevées, propriétés semi-conductrices, opto-électroniques, catalytiques et magnétiques). Le champ d'application potentiel de ces nanomatériaux est donc extrêmement vaste. Au cours de la dernière décennie, la synthèse de nanomatériaux s'est développée jusqu'à atteindre une production à grande échelle pour plusieurs éléments et composés, et l'un d'entre eux ayant connu un développement particulièrement significatif : le carbone. En effet, depuis la découverte de la capacité de ce composé à former des structures en cage fermée (boules creuses (1985) et tubes (1991)) aux propriétés uniques, le marché actuel des NTCs avoisine les 3000 tonnes (Yano Research Institute Ltd.). Plus tard, la capacité de former des structures en cage fermée a été étendue aux dichalcogénures de métaux de transition (1992), à savoir les sulfures de molybdène et de tungstène. Malgré les applications prometteuses de ces nanostructures inorganiques (NTIs et FIs), leur taux de production est bien loin derrière (∼ quelques tonnes) celui du carbone.Cet écart en termes de production s'explique en partie par les propriétés inhérentes aux nanostructures de DCMTs (énergie de pliage, mécanisme de formation) qui les rendent nettement moins faciles à obtenir que leurs homologues en carbone. Pourtant, de multiples méthodes de synthèse sont employées pour produire de NTIs et des FIs, et peuvent être divisées grossièrement en deux catégories : (1) les procédés hors équilibre (e.g. ablation laser, décharge à l'arc) et (2) les méthodes chimiques (e.g. transport de vapeur chimique) qui opèrent dans un régime plus proche de l'équilibre et génèrent des rendements plus élevés. Ces méthodes présentent néanmoins des limitations et des inconvénients majeurs en termes de contrôle (sélectivité), d'efficacité (rendement), d'évolutivité, de coût et de sécurité (réactifs chimiques dangereux). Ce constat motive le développement d'un procédé alternatif. À cet égard, la synthèse solaire constitue un bon candidat puisqu'elle est rentable, sûre, non toxique, adaptable et surtout facile à mettre en oeuvre. L'objet de cette thèse était donc de développer un procédé solaire pour synthétiser des NTIs et des FIs à partir de précurseurs solides. Le premier chapitre présente une revue bibliographique des concepts abordés dans le manuscrit. Les principaux résultats expérimentaux de la synthèse solaire sont présentés dans le deuxième chapitre. Ensuite, la caractérisation des nanoparticules synthétisées est abordée en profondeur dans le troisième chapitre. Enfin, la caractérisation des régimes d'écoulement se produisant dans le réacteur solaire Héliotron fait l'objet du quatrième chapitre.

  Le 21 ème siècle est marqué par de multiples défis mondiaux , dans ce contexte, les nanomatériaux font l'objet de grandes attentes, car ils permettent généralement d'obtenir des résultats plus performants avec moins de matière (i.e. moins de volume et de poids), et possèdent des propriétés exceptionnelles (électroniques, catalytiques, thermiques, magnétiques, mécaniques et optiques). Les découvertes des fullerènes et des nanotubes de carbone, et du graphène ont été des jalons très importants dans l'histoire des nanomatériaux, car ces structures et leurs propriétés sont inédites. autres perspectives peuvent être envisagées. (1) injection d'une pression partielle de la vapeur de chalcogène (soufre) dans la zone d'ablation (réacteur Héliotron); (2) conception d'une nouvelle solution pour injecter régulièrement et précisément le soufre (poudre) dans la cavité (réacteur Cavité); (3) ajout d'éléments additifs dans le précurseur solide.

La mécanique des fluides numérique (CFD) est un outil de simulation numérique qui permet de modéliser la dynamique des fluides sur la base des lois de conservation (conservation de la masse, de la quantité de mouvement et de l'énergie) qui régissent la dynamique des fluides. La CFD fournit à la fois un aperçu qualitatif et des prévisions quantitatives, des phénomènes d'écoulement des fluides (par exemple, les champs de pression, de vitesse ou de température). Comme nous l'avons vu plus haut, il existe différentes voies pour synthétiser des nanomatériaux et beaucoup d'entre elles impliquent le transport d'une phase vapeur/liquide[17, 18] dans un réacteur, ce qui inclut la dynamique des fluides.
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In order to be able to visualize the flow within the reactor for different boundary condition configurations, the injection circuit is adapted to differentiate the starting time of injection and the starting time of seeding.

Operating conditions

Two cases were investigated 1. Injection and seeding at t = 0 s The flow seeded of aerosol tracers and the sweeping flow are injected both in the Heliotron at t = 0 s.

2. Injection at t = 0 s and seeding at t = 3 min The flow (air only) injection started for 3 min, at t = 0 s, the desired injected flow is derived to the air buffer capacity to deliver the same flow seeded with aerosol tracers.

To identify the interaction between the jet injection and the sweeping through the annular slot, five configurations of boundary conditions have been selected (Table 4.2). Regarding the residence time until the balloon wall, the cold finger side or the sample holder, two trends emerge. From 0.1 m/s to 1 m/s, there is a plateau regime for which the residence time is decaying slowly with the jet velocity inlet, approximating the second in order of magnitude. From 1 m/s to 100 m/s, another regime appears, the residence time drops proportionally to the inverse of the inlet jet velocity (t residence ∝ 1/V jet ), decreasing by more

Appendices

Appendix A

A.1 Determination of the thermal conductivity of M oS 2 powder for different porosities

The characterization of the solid precursors used to synthesize M oS 2 nanoparticles (i.e. M oS 2 powder) is required to simulate properly the thermal transfers at stake in the filled crucible under solar irradiation. The thermal conductivity is a key physical parameter in thermal transfers, hence it should be known precisely for the precursors according to its different porosities. Thanks to Prof R.Olives, measurements of the thermal conductivity have been performed with packed Sigma-Aldrich M oS 2 powder(<2 µm, 98% pure).

A.1.1 Experimental measurement of M oS 2 powders thermal conductivity

Three-layer(TL) method

A first approach has been implemented to determine a first value of the thermal conductivity of M oS 2 powder for a given porosity with the three-layer method, adapted for thermal conductivities within the range 0.5-5 W.m -1 .K -1 . This method is known to be simple to implement and consistent in terms of results. The following list is a compilation of the correlations described in [7,8,10] 

Maxwell correlation

Probably the oldest and the simplest model, Maxwell [11] found this correlation by considering a dilute dispersion of spheres in a continuum having a homogeneous temperature (in the general case potential) field at infinity.

Rayleigh correlation

Lord Rayleigh (1892) [12] extended Maxwell's model to higher order in the particle concentration ϕ.

Russell correlation

The Russell [13] model makes the assumption of parallel isotherms in deriving the thermal conductivity of the unit cell. It differs from the one derived by Godbee and Ziegler [14] in that the unit cell consists of a cube of gas containing a cube of solid. The relative dimensions of the cubes are fixed by the requirement that the unit cell voidage equals that of the bed. No provision is made for radiation, solid-solid contact conduction or low pressure effects. 16) with K p = λ particles λ gas = λ p λ g and ϕ the volume fraction of particles in the porous media.

Meredith & Tobias correlation

By using a different potential function, and by considering higher order terms in the series expansion for the potential in the continuous phase, [START_REF] Meredith | Resistance to potential flow through a cubical array of spheres[END_REF] [15] modified Rayleigh's result, providing an analytical expression which agrees more satisfactorily with the data in the critical range near ϕ = 0.5236. This expression is as follows:

(A.17)

Woodside correlation

Woodside (1961) [16] considered a unit cube containing one-eighth of a sphere of radius R. The spheres are not assumed to be in contact. The final expression for the effective medium conductivity is shown to be

Krischer correlation

The dispersed system is simulated by some combination of the resistances of importance, connected partly in parallel and partly in series. Krischer [17] gives an illustrative approach with the following equation with a novelty, the introduction of a fitting parameter a characterizing the contact between the particles.

Zehner correlation

A more empirical correlation with high degree of development is presented by Zehner [18].

Curve fitting

The fits of experimental results were done arbitrarily for a porosity of 0.7 using simple Excelsheets. The particle diameter is set to 50 µm as an average value of previous observations (see supplementary images) made on SEM microscopy of low-irradiated M oS 2 powder. Gathering all the different fits from preceeding correlations, and comparing them to the experimental results, the following graph could be obtained.

tinuous phase, the variation of the thermal conductivity of particles itself is most of the time negligible on the overall thermal conductivity of the M oS 2 powder.

Bauer & Schlünder correlation

The Bauer and Schlünder model is an extension of an earlier model by Zehner and Schltinder [18,19] Zehner's model is applicable to random packings of uniform spheres and takes into account radiation and pressure effects. Assuming the hypothesis of dilute gas the extended correlation of Zehner & Bauer could be approximated as

with

and

Kunii & smith correlation

By studying the heat transfer in Porous Rocks, Kunii & Smith predict with the following correlation the effect of void fraction and solid and fluid thermal conductivities on the heat transfer properties of sandstones and sintered metal systems [20] with significant results of prediction.

, and β = 0.895 (A.29)

The heat transfer coefficients are calculated according to Yagi's correlation [21].

Curve fitting

The fit of experimental results were done arbitrarily for a porosity of 0. Although the radiative effects are negligible at 300K, the last correlations give a much better prediction of thermal conductivity of M oS 2 for a given porosity than the correlations omitting thermal radiation effect. Note, that the Laubitz-modified and Bauer & Schlünder correlation fit accurately the experimental points, while Kunii & Smith and especially Godbee & Ziegler correlations are unaccurate for low porosities (0.85-0.9). As for Laubitz correlation, it underestimates the thermal conductivity on the whole range of porosity studied.

Predictions of heat conduction and radiation models for high temperature

Calculating the prediction of thermal conductivity with the correlations presented above with fitting parameters gives the following graph (Fig. A.18). A first group of curves from Laubitz-modified, Kunii & Smith and Godbee & Ziegler correlations testifies a steep increase of the thermal conductivity with temperature. The Laubitz prediction is less trustworthy regarding its significant underestimation of thermal conductivity at low temperature (T < 450 K) in comparison to the other correlations. And contrary to Laubitz, the ambient temperature estimation of Bauer & Schlünder is accurate whereas its evolution against temperature is slow compared to the others correlation. This same slow increase with temperature of thermal conductivity predicted by Bauer & Schlünder model in comparison with other models is observed experimentally by Botterill [10] for silica and alumina packed-beds at high temperatures.

Following those observations [10], it could be deduced that the most precise and correct prediction of thermal conductivity of M oS 2 at high temperature may come from the first group of curves, namely those calculated from Laubitz-modified, Kunii & Smith and Godbee & Ziegler correlations. 
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Appendix C

C. 

C.4 Estimate of the maximum jet velocity of chemical species in vacuum

The full thermal decomposition of M oS 2 yields

In accordance with our experimental observations, this decomposition takes the form of a jet composed of a mixture of gaseous sulphur, solid projections of pure molybdenum and nondecomposed M oS 2 powder. By making the qualitative assumption that the decomposition ratio α is in the range 10%-50%, and considering that the powders retrieved are composed essentially of M oS 2 , the mass flow of the gaseous part of the jet could be estimated as:

A series of experiments conducted in May-July 2019 showed that the highest mass vaporization flow rate (Q vap-max =27.81 mg/s) for a continuous solar irradiation of 10000 suns (1 sun = 1 W/mm 2 ) is observed for an inner pressure of ∼ 0.5 mbar and an irradiation time of ∼ 100 s.

The corresponding local density at the irradiated zone is calculated with the ideal-gas law.

T vap (M oS 2 ) = 1500 K M S 2 = 64.13 g/mol R = 8.314 J.mol -1 .K -1 P in = 0.5 mbar

The area from which vaporization occurs is taken to be a Ø8 mm diameter disk

Therefore, by choosing an average decomposition ratio of 20%, an estimated maximum value of jet velocity could be calculated using relation (C.3).

) Hence, the jet velocity should not be modeled beyond this range.

C.5 Description of the design of the sample holder of flow visualization

In order to be consistent with the 2D-planar modelling of the Heliotron reactor sample holder, the sample holder of flow visualization was designed by replacing the concentric holes with an annular slot placed at the medium radius of the injection holes and keeping the same equivalent surface area as depicted in Bien que la recherche dans la synthèse des NTIs et FIs de M oS 2 & W S 2 ait commencé depuis deux décennies, elle reste encore au stade embryonnaire, tandis que les nanotubes et fullerènes de carbone sont produits et commercialisés à grande échelle depuis plusieurs années pour diverses applications. Par exemple, le marché mondial des nanotubes de carbone s'élevait environ à 1900 tonnes en 2017 (Yano Research Institute Ltd.) alors que seulement quelques tonnes de FIs de W S 2 ont été produites en 2015, et moins même pour le M oS 2 [25]. Les principales voies de synthèse des NTIs et FIs de M oS 2 & W S 2 connues sont listées en dans le tableau D.2. 

with n = [3,4,5] Il apparaît donc que les atomes lourds de molybdène et de tungstène ne peuvent être en vaporisé dans le réacteur solaire que sous forme de vapeurs d'oxyde de molybdène/tungstène. 

D.2.2 Montages expérimentaux

D.2.3 Conditions opératoires

Les deux réacteurs solaires décrits précédemment permettent chacun d'atteindre des conditions de fonctionnement relativement différentes grâce à leur principe de fonctionnement et conception respectifs (tableau D.3).